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ABSTRACT
Crack t ip  sh ie ld in g  phenomena, whereby the " e f fe c tiv e  crack d r iv in g  
force" experienced a t  the crack t ip  is  reduced compared to the applied  
( f a r - f l e l d )  va lue , are examined w ith  re fe rence to fra c tu re  toughness, 
sustafned-load cracking  and fa tig u e  crack propagation behavior tn m e ta l; , 
ceramics and composites. Sources o f  sh ie ld in g  are described ?n te rm  o f  
mechanisms r e ly in g  on crac k  path  d e f le c t io n  and w a n d e r in g , on the  
production o f  e la s t ic a l ly  constrained zones which envelop the crack [i-z rt-  
s h ie ld in g ) ,  and on the generation  o f  wedging, b rijg i-ng  o r s l ic in g  fo rte s  
between the crack surfaces {c on tac t s h ie ld in g }.
The fa tig u e  crack propagation tohgvsnr o f  pressure -.pssr-i s re e H  '■% 
In v e s tig a te d , w ith  p a r t ic u la r  emphasis cn the ro le  e f  crack t ip  -.‘■■seMir'i. 
E x is t in g  d a ta  has been re v ie w e d  and new d a ta  a re  p re s e n te d , fo r  t v t *  
baseplate and weldments, on crack growth s t r e H  e*pc-ied to  
e n v iro n m e n ts . I t  is  shown t h a t ,  a t  th e  lo w e r growth r a t i - ;  where 
m a jo r i t y  o f  f a t ig u e  l i f e  Is  o b ta in e d , th e  h i l l jp n e e  o f  e n v ir^ rc re r te -  
degradation  may be s u rp ris in g ly  s r e t t ,  5 r e s u lt  wh-t"' appears to  c r -g it -s t -  
from the m utually o f fs e t t in g  e f fe c ts  o f  e rv irc rm e rta l famagp i r *  > e ;rp a ;# ‘ 
crack t ip  s h ie ld in g .
The o l e  o f  d ispers ions o f  p rc -p x ia t -rg  g ram  t 'W d a r y  f iii;rc ecvds "t 
in v e s tig a te d  In  f -a c to re  toughness dr d f a l ’ gue crack prppagatic *  
in  a low a l lo y  s t e e l .  Whereas the c ra c k  and crac k  g rrw t*
toughness { i . e . ,  Kje and thp tea rin g  n s fu tos ’! srp sevprp ly degraded, eve-
For c o n p a ra t iv e iy  m ild  degrees o f  m c rsv o v} damage, r a tr s  e# S u t c n t '- a  
cra c k  grow th by fa t ig u e  re c s in  r e l a t i v e l y  u n a f fe c te d . P p s v lts  a * r  
in te rp re te d  in  terms o f  a mutual co speS itiss  b e t*e#e e ic ro s tr t it ta ra ;  darJCf 
generated by the g ra in  boundary n tc ra vo W s , which prcsotes C ra ti grcw'.h 
lo w ering  the in t r in s ic  re s is ta n ce  @f th * n te re s tru c tu rp , #<•<) the r e s u l t - r -, 
tortuous crack paths, which e x t r tn s ic a lly  re ta rd  crack growth a t  lew s trfp s  
i n t e n s i t i e s  by lo w e r in g  th e  lo c a l  t i p  e« jr■ v 1 ng f o r c e " 'c r a c k  : ;• 
s h ie ld in g ) .
C ontrary to t ra d it io n a l notions concerning ce ram ic;, fa tig u e  -.rack
propagation under tension-tens ion  loading is  observed in  a tra n s fo rm a t'c r-  
toughened p a r t ia l ly -s t a b i l i z e d  z lrc o n ia  ceram ic. Such s u b c n tic a l b e b a v c r  
is  dem onstra ted  to  be c y c l i c a l l y  in d u ce d , based on a com parison *  - f"  
behavior under sustained loading  and a t  vary ing  c y c lic  frequenc ies, Grcwth 
ra te s  o v e r the range 1 0 -1 0  to  1 0 -6  m /c y c le  were found to  he pow er-law  
dependent on the stre ss  in te n s ity  range, and to snow a-eafi s tre s s , crack
c lo s u re , frequency and environmental e f fe c ts , analogous to behavior -n 
m e ta ls . Such behavior Is  ra tio n a liz e d  p r im a r ily  in terms Of the n o n -lin ea r  
b e h a v io r  o f  m a te r ia l elem ents  in  the re g io n  o f  the crack t ip  due to 
mechanisms o f  e x tr in s ic  transform ation  toughening.
Although u t i l i z a t io n  o f  crack t ip  sh ie ld in g  can be a potent means to 
enhance toughness, the im p lic a tio n  o f  such e x tr in s ic  toughening is crack 
s ize  dependent behavior. This im portant consequence is shown to  re s u lt  in 
re s is ta n ce curve behavio r, anomalous "small crack" e f fe c ts , and co n tras ting  
m ic ro s t ru c tu ra l fa c to rs  c o n t r o l l in g  c ra c k  I n i t i a t i o n  and g ro w th . An 
a d d itio n a l consequence 1s s u s c e p tib i l i ty  to c y c lic  fa tig u e  damage in a 
range o f  advanced ceramic m a te r ia ls . Possib le mechanisms o f  such fatigue  
degradation are id e n t if ie d  and discussed w ith  regard to four major classes 
o f  ceramic and ceram lc-m atrlx composites. Suggestions fo r  fu tu re  work are 
presented.
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CHAPTER 1: INTRINSIC AND EXTRINSIC TOUGHENING
ABSTRACT
Crack t ip  sh ie ld in g  phenomena, whereby the " e f fe c tiv e  crack 
d riv in g  fo rce" a c tu a lly  experienced in the n e a r - t ip  region 
is  reduced compared to  the applied  ( f a r - f i e ld )  va lu e , are 
examined w ith  reference to fra c tu re  toughness, sustam ed- 
load cracking and fa tig u e  crack propagation behavior in 
m eta ls , ceramics and composites. Sources o f  sh ie ld in g  are 
d e s c rib e d  in  term s o f  mechanisms r e ly in g  on crac k  path 
d e fle c t io n  and meandering, on the production o f  e la s t ic a l ly  
constra ined zones which envelop the crack (zone s h ie ld in g ),  
and on th e  g e n e ra tio n  i f  w edding, b r id g in g  o r s l id in g  
fo rc e s  between th e  crock s u rfa c e s  (c o n ta c t  s h ie ld in g ) .  
Examples o f  such e x tr in s ic  toughening are taken p r im a rily  
from the crack closure and d e fle c tio n  o f  fa tig u e  cracks, by 
mechanism in v o lv in g  c y c lic  p la s t ic i ty ,  corrosion debris 
and t o r tu o u s  c r a c k  p a th  m o rp h o lo g ie s , and fro m  th e  
toughening  o f  b r i t t l e  m a te r ia ls ,  by t ra n s fo rm a t io n ,  
m icrocracking and ligam ent toughening mechanisms.
1 .1 . INTRODUCTION
In  fra c tu re  mechanics term s, the extension o f  a crack can be 
considered to be driven  by the orpsence o f  a “crack d r iv in g  force"  
and opposed by the re s is ta n ce  ol the u lc ro s tru c tu re . Here the crack 
d riv in g  force Is  g en e ra lly  d eft • by some ch a ra c te riz in g  parameter, 
such as th e  s tre s s  in t e n s i t y  . • o r p a th -in d e p e n d e n t in t e g r a l  J , 
which describes the dominant stress and deform ation f ie ld s  In  the 
v ic in i ty  o f  the crack t ip  from a knowledge o f  crack s iz e , applied  
load and geometry. Crack advance is  thus re s tra ine d  by 1ovar1ng the 
a p p lie d  load o r by " to u g h e n in g 1’ the m a t e r ia l ,  e . g . ? through  
compositional or m ic ro s tru c tu ra l m o d ific a tio n .
In  a l lo y  design , i t  is  gen e ra lly  the perception th a t  : iy»hening 
is  achieved by increasing  the inherent m ic ro s tru c tu ra l r-r-iistance, 
e . g . ,  by co a rse n in g  p a r t ic le  sp a c in g s , changing bond F v o n g th s , 
In c re a s in g  d u c t i l i t y ,  e t c .  T h is  process h e r e a f t e r  >- termed  
I n t r i n s i c  t o u g h e n in g . H o w e v e r, in  many m a t e r ia l  r .s t e m s ,  
p a r t ic u la r ly  w ith  b r i t t l e  fra c tu re  in ceramics (1 )  end lyy# in
Toughening is  used in  the g en e ra l sense h ere  to  d e s c rib e  
m a te ria l fac to rs  which Impede crack ex tension , both in iri-rreasing  
fra c tu re  toughness and In  re ta rd in g  s u b -c r i t ic a l crack growth by 
stress corrosion  or fa t ig u e .
m etals ( 2 ) ,  the actual source o f  toughness is  d is t in c t ly  d if fe re n t  
and ar ise s  from mechanisms o f  crack t ip  s h ie ld in g , where tot,*’hness is  
a c h ie v e d ,  i . e . ,  c r a c k  e x te n s io n  is  im p e d ed , by m e c h a n ic a l,  
m ic ro stru c tu ra l and environmental fac to rs  which lo c a l ly  reduce the 
crack d r iv in g  fo rc e . This process is  termed e x tr in s ic  toughening.
The i n i t i a l  a im  o f  th e  p r e s e n t  s tu d y  is  to  p ro v id e  a 
comprehensive review o f  the mechanistic o rig in  and e f fe c t  o f  such 
crack t ip  sh ie ld in g  in m eta ls , ceramics and composites. P a r t ic u la r  
emphasis is  placed on e x tr in s ic  sh ie ld in g  which ar is e s  from fa tig u e  
cra c k  c lo s u re  e f f e c ts  in  m e ta l l ic  a l lo y s  and tra n s fo rm a tio n  
toughening in ceram ics. The study is  subsequently extended to include 
three d e ta ile d  independent in v es tig a tio ns  on crack propagation In  two 
w id e ly  d i f fe r e n t  m a te ria l systems, namely, pressure vessel s te e ls  and 
a transform ation  toughened p a r t ia l ly  s ta b i liz e d  z irc o n ia  ceramic. 
Each study is  designed to e lu c id a te  the separate ro les  o f  in t r in s ic  
and e x tr in s ic  toughening during crack propagation under d if fe re n t  
lo a d in g  and e n v iro n m e n ta l c o n d i t io n s .  F i n a l l y ,  th e  g e n e ra l  
im p lica tion s  o f  e x tr in s ic  toughening, on crack extension behavior 
under monotonic and c y c lic  lo a d in g, is  discussed. In p a r t ic u la r ,  the 
d is c u s s io n  fo c u s e s  on an im p o r t a n t  r e c e n t  ra n g e  o f  advanced  
s t r u c tu r a l  ceram ic and c e ra m ic -m a tr ix  co m p o s ites . In te n s iv e  
s c ie n t i f ic  research in the la s t  decade has re su lted  in major advances 
in  the e x tr in s ic  toughening o f  these ceramics. However, the work 
undertaken !n th is  study seems to  in d ic a te  th a t these m a te r ia ls , 
co n trary  to conventional wisdom, may as a re s u lt  become susceptible  
to  c y c l ic  f a t ig u e  d e g ra d a t io n . Based on these c o n s id e ra t io n '-. ,  
poss ib le  mechanisms o f  such c y c lic  fa tig u e  damage are discussed and 
suggestions fo r  fu tu re  research are presented.
Due to  th e  c o n s id e r a b le  s u b je c t  b re a d th  o f  th e  p re s e n t  
undertak ing , each in d iv id u a l study has been compartmentalized and is 
reported  as a complete study, u su a lly  associated w ith  each chap ter. 
T h e re fo re , a lth o u g h  th e  u n d e rly in g  concepts and im p lic a t io n s  o f  
I n t r i n s i c  and e x t r in s i c  toughening a re  m a in ta in e d  and a p p a ren t  
th ro ug h o u t the w o rk , the  c o n t in u it y  o f  each in d iv id u a l study is  
nevertheless preserved.
1 .2 .  MECHANISMS OF INTRINSIC TOUGHENING
In t r in s i c  toughening  mechanisms in v o lv e  processes which  
predominate ahead o f  the crack t ip .  T y p ic a l ly , they p erta in  s o le ly  to  
a s p e c i f ic  f r a c tu r e  mode, such as c le a v a g e  f r a c tu r e  induced by 
cracking  o f  p a r t ic le s  or microcracks in  b r i t t l e  m a te r ia ls , or d u c tile  
fra c tu re  from the coalescence o f  microvoids formed via in te rfa c e  
decohesion (o r cracking) o f  inc lusion  p a r t ic le s . This is  in d ire c t  
c o n tra s t  to  e x t r in s ic  mechanisms w hich g e n e r a l ly  r e s u lt  from  
processes occurring  in the wake o f  an advancing crack. W hile the 
m ic ro stru ctu ra l d e ta i ls  o f  in t r in s ic  processes are in general q u ite  
w e ll u n d e rs to o d , o n ly  f a i r l y  s im p l is t i c  models e x is t  fo r  the
2
o p e r a t io n  o f  th o s e  m echanism s in  th e  h ig h ly  t r i a x i a l  f i e l d  
surrounding a crack t i p ,  which I t  is  necessary to consider fo r the 
pre d ic tio n  o f  fra c tu re  toughness. These models are g en e ra lly  based 
on the concept o f  a c r i t i c a l  fra< ture stress being exceeded across a 
m ic ro s tru c tu ra lly -s ig n if lc a n t  c h a ra c te r is t ic  distance fo r  b r i t t l e  
f ra c tu re , e . g . ,  th e  R itc h ie -K n o tt-R ic e  model fo r cleavage fra c tu re  
toughness (F ig ure  1 .1 ( a ) )  ( 3 ) ,  or a s tre s s -s ta te  m odified c r i t i c a l  
s tra in  being exceeded over a c h a ra c te r is t ic  d istance fo r  d u c tile  
fra c tu re  (F igure  1 . 1 ( b ) ) ,  as re c e n tly  reviewed fo r s ta tio n a ry  and 
moving cracks by R itc h ie  and Thompson ( 4 ) .
,ore re c e n tly , such in t r in s ic  models have been reform ulated  on a 
sto ch a stic  basis and in v o lve , fo r  example, the s t a t is t ic s  o f  sampling 
an %rra y  o f  frac tu re -in d u c in g  p a r t ic le s  w ith in  the crack t ip  f ie ld  
ahead o f  the t ip  ( 5 ) .  Such p ro b a b il is t ic  approaches are p a r t ic u la r ly  
u s e fu l f o r  th e  more b r i t t l e  ceram ic m a te r ia ls  which c o n ta in  a 
strength  d ispers ion  due to the presence o f  surface machining flaws 
and in t e r io r  microcracks ( 6 ) .  The approach 1s based on the W eibull 
fra c tu re  theory whicv takes the m a te ria l volume under stress into  
c o n s id era tio n . This volume e f f e c t ,  which u lt im a te ly  determines the 
f in a l in t e g r i t y ,  is  based on a w e ak es t-lin k  s t a t is t ic a l  theory where 
fa i lu r e  o f  a s in g le  l in k  or flaw  im plies ca tas troph ic  fa i lu r e  o f  the 
co m p o n e n t. M ost r e c e n t  ad v a n c e s  in  t h is  a re a  have been th e  
incorpora tion  o f  the B atdorf theory which, based on G r i f f i t h  fra c tu re  
mechanics, s p e c ifie s  crack shape, s iz e , and o r ie n ta t io n , and includes  
m u lt ia x ia l  f r a c tu r e  c r i t e r i a  and th e  e f f e c ts  o f  sh e ar s e n s i t iv e  
cracks (7 ) .
These approaches have been u t i l iz e d  p r in c ip a lly  fo r  modelling  
the in t r in s ic  fra c tu re  toughness behavior o f m e ta llic  a l lo y s  (3 -5 ,  
and see Chapter 3 )  and ceramics ( 6 ) .  They have y e t to  be u t i l iz e d  
( in  a s s o c ia t io n  w ith  c ra c k  t ip  s h ie ld in g  m odels) to  d e f in e  the  
in f lu e n c e  o f  m ic r o s t r u c t u r a l  f e a t u r e s  on th e  to u g h n e s s  and 
s u b c r i t fc a l  c ra c k  growth re s is ta n c e  o f  e x t r ln s i e a U y  toughened  
m a te ria ls . In p a r t ic u la r ,  in  ceramic and ceram ic-m atrix composite 
m a te ria ls , fra c tu re  behavior is  l ik e ly  to be fa r  more o f  a compromise 
between in t r in s ic  and e x tr in s ic  mechanisms. In a d d it io n , where crack 
propagation occurs under c y c lic  loading co n d itio n s , the e f fe c t  o f  
repeated loading and unloading cycles on decreasing the in t r in s ic  
toughness, by processes o f  accumulated damage ahead o f  the crack t ip ,  
re qu ires fu r th e r  a t te n t io n .
In t r in s ic  mechanisms describ ing  processes involved in the growth o f  
fa tig u e  cracks are even less understood, in  p art due to the la ck  o f  
r e a l i s t ic  a n a ly t ic a l so lu tions describ ing  the stre ss  and deformation  
f ie l d s  in  the v i c i n i t y  o f  a crac k  t i p  In  th e  p resence o f  c y c l ic
1 .3 .  GENERAL CONSIDERATIONS OF EXTRINSIC TOUGHENING
1 .3 .1 .  "Crack D riv in g  force"
The s o -c a lle d  “d r iv in g  fo rc e "  f o r  crac k  growth is  g e n e ra l ly  
described by a f ie ld  c h a r a c t e r i z i n g  param eter. This is  defined by 
c h a r a c te r iz in g  the  s tre s s  and d e fo rm a tio n  f ie ld s  lo c a l to the region  
a t  the crack t ip ,  usu a lly  through the use o f  asym ptotic continuum 
ana lyses, and determ ining the fu nctiona l form o f  the s in gu lar crack 
t i p  f i e l d  w h ic h  Is  a p p r o p r ia t e  f o r  th e  p r im a r y  m echanism  o f  
d e fo rm a tio n . I . e .  fo r  th e  p r e v a i l in g  c o n s t i tu t iv e  r e la t io n s h ip .  
P rov ided  t h is  f i e l d  can be c o n s id ere d  to  "dom inate" the lo c a l  
stresses and s tra in s  over a region which is la rge compared to  the 
s c a le  o f  m ic ro s t ru c tu ra l d e fo rm a tio n  and f r a c tu r e  ev en ts  in  th e  
v ic in i t y  o f  the t i p ,  the sc a la r am plitude o f  the f ie ld  is  taken as 
the c h a r a c t e r i z i n g  parameter and can be used as a c o rre la to r  o f  
crack ex tension. By s im ili tu d e , cracks are then assumed to extend at 
equal ra te s when sub ject to  equal “d r iv in g  fo rces".
Best known examples o f  th is  approach are fo r  s ta tio n a ry  cracks 
subjected to te n s i le  (Mode I )  opening loads. For m a te ria l obeying a 
l in e a r  e la s t ic  c o n s titu t iv e  law , in the l im i t  o f  r  +  0 , the a s ;a p to tic  
crack t ip  stress f ie ld  is  given as a function  o f  the p o lar angle 8 
and distance r  from the t ip  by ( 8 ,9 ) :
/2wr
( 1. 1 )
where f - j j  Is  a dimensionless function  o f  0 .  Here, crack advance 
fo r  sm alT-scale y ie ld in g  conditions can be charac terized  in  terms o f  
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a (  a / a 0 ) n ) ,  the l im it in g  asym ptotic f ie ld  is  given by the so -ca lled  
HRR s in g u la r ity  ( 1 0 ,1 1 ),  in  terms o f  the flow stress CTo» flow s tra in  
Go and work hardening exponent n, e .g .
1 .3 .  GENERAL CONSIDERATIONS OF EXTRINSIC TOUGHENING
1 .3 .1 .  “Crack D riv ing  Force"
The s o -c a lle d  " d r iv in g  fo rc e "  f o r  c ra c k  growth is  g e n e ra l ly  
d e sc rib e d  by a f i e ld  c h a r a c t e r i z i n g  p ara n eter . This is  defined by 
c h a ra c te riz in g  the stress and deform ation f ie ld s  lo c a l to the region  
a t  the crack t ip ,  u su a lly  through the use o f  asym ptotic continuum 
ana lyses, and determ ining the fu nctiona l form o f  the s in gu lar crack 
t i p  f i e l d  w h ic h  is  a p p r o p r ia t e  f o r  th e  p r im a r y  m echanism  o f  
d e fo rm a tio n . I . e .  f o r  the p r e v a i l in g  c o n s t i tu t iv e  r e la t io n s h ip .  
P rov ided  th is  f i e l d  can be co n s id ere d  to  "dom inate" th e  lo c a l  
stresses and s tra in s  over a region which is  la rge compared to  the 
s c a le  o f  m ic ro s tru c tu i a l d e fo rm a tio n  and f r a c tu r e  ev en ts  in  the  
v ic in i t y  o f the t i p ,  the s c a la r am plitude o f  the f ie ld  is  taken as 
the c h a r a c t e r i z i n g  parameter and can be used as a c o rre la to r  o f  
crack ex tension. By s im ili tu d e , cracks are then assumed to extend a t  
equal ra te s when sub ject to equal "d riv in g  fo rc e s " .
Best known examples o f  th is  approach are fo r s ta tio n a ry  cracks 
subjected to  te n s i le  (Mode I )  opening loads . For m a te ria l obeying a 
l in e a r  e la s t ic  c o n s titu t iv e  law , in  the l im i t  o f  r + 0 ,  the asymptotic 
crack t ip  stre ss  f i e l d  is  g ive n  as a fu n c t io n  o f  th e  p o la r  angle 0 
and d is tance r  from the t ip  by ( 8 ,9 ) :
where f - j j  is  a dimunsionless function  o f  0 .  Here, crack advance 
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( 1. 1)
n+T
-  o (1 .2 a )
1
n+1
(1 .2 b )
where S ^ j,  c j j  and I n are dimenslonless functions o f  0 and n, and a
is  a m a te ria l constant o f  order u n ity . Here, crack advance can be
ch a rac terize d  by the path-independent in te g ra l J (9 ,1 2 ) ,  a t  le a s t  
provided crack extension is  lim ite d  ( 4 ) .  S im ila r  ch a rac teriz in g  
p a ra m e te rs  can be d e f in e d  f o r  c r e e p in g  s o l id s  in  te rm s  o f  
c o n s titu t iv e  laws fo r  prim ary and secondary creep. This approach 
provides a basis fo r  the parameter C , the rate-dependent or viscous 
analog o f  J (1 3 ,1 4 ).
As c h a r a c t e r 1z 1ng p a ra m e te rs  re m a in  u n d e te rm in e d  by th e  
asym ptotic analyses, they are gen e ra lly  computed from a complete 
an a ly sis  o f  the app lied  loading and geometry. Such so lutions fo r  K% 
and J app lica b le  to a wide v a r ie ty  o f  cracking  s itu a tio n s  are now 
ta b u la te d , fo r example, in  several handbooks (1 6 -1 7 ) , and are used 
w ith  r e g u l a r i t y  in  f r a c tu r e  m echanics based design  and l i f e t im e  
c a lc u la tio n s  and fo r  c h a ra c te riz in g  crack extension in  standard crack 
in i t ia t io n  and rack propagation te s ts . Although the adoption of 
these so lutions re ly  on g lobal considerations o f  crack s iz e , o v e ra ll 
geom etry and a p p lie d  lo a d in g  c o n d it io n s , th ey  a re  assumed to  
guarantee a c h a ra c te riza tio n  o f  the lo c al f i e l d .  However, where the 
lo c a l,  n e a r - t ip  "d riv in g  fo rc e " , a c tu a lly  experienced a t  the crack 
t ip ,  d i f f e r s  from  th is  nominal o r app lied  "d r iv in g  fo rc e " , due to
some lo c al m echanical, m ic ro stru ctu ra l or environmental phenomenon
in  the v ic in i t y  o f  the crack t ip ,  the crack can be considered to be 
experiencing  crack t ip  s h ie ld in g , or in  some cases a n t i-s h ie ld in g .  
For sm all-s ca le  y ie ld in g  under mono ton ic  loading  co n d itio n s , th is  can 
be expressed as:
Kfcip -  Kj - Kg, (1,3)
where K tig  is  the local n e a r - t ip  stress in te n s ity , Ki is  the applied  
or nominal stress in te n s ity , and Ks is  the stress in te n s ity  due to 
s h ie ld in g . Under c y c lic  lo a d in g , th is  expression can be w ritte n  as:
AKt1 p  = 6K -  Kg, (1 -4 )
where AKtip is  the lo c a l n e a r - t ip  stress in te n s ity  range, and the 
app lied  stress in te n s ity  range, 6K, is  given by Kmg* -  Kmi n . The 
o b je c tiv e  o f  e x tr in s ic  toughening is thus to enhance Ks .
As ra tes o f  s u b -c r i t ic a l crack growth, by mechanisms such as 
f a t ig u e ,  s tre s s  c o rro s io n  and h y d ro g e n -a s s is te d  c r a c k in g , a re  
g en e ra lly  found to e x h ib it  a power law dependence upon the d riv in g  
fo rc e , e x tr in s ic  toughening may be extrem ely potent in  reducing crack 
extension ra te s . For th is  reason, crack t ip  sh ie ld in g  can provide a 
general approach to toughening in the w idest spectrum o f  m a te r ia ls , 
ranging from the prim ary mechanism o f toughening b r i t t l e  ceramics to 
the re ta rd a tio n  o f  fa tig u e  crack growth ra te s  in d u c t ile  m eta ls.
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1 ,3 .2 .  Mechanisms o f  Crack T ip  S h ie ld ing
Mechanisms o f  e x t r in s i c  toughening  may be c a te g o riz e d  in to  
several d is t in c t  classes {2 ,1 8 } .  These classes involve crack t ip  
sh ie ld in g  from a) crack d e fle c t io n  and meandering, b) non linear or 
d i la te d  zones su rround ing  the wake o f  the c r a c k , termed "zone 
s h ie ld in g " ,  c )  w edging, b r id g in g  a n d /o r  s l id in g  between crack  
s u r fa c e s , term ed " c o n ta c t s h ie ld in g " ,  and d) combined zone and 
c o n ta c t s h ie ld in g .  In d iv id u a l m icro-m echanism s are  i l l u s t r a t e d  
schem atica lly  in  Figure 1 .2 . D is t in c tio n s  between these classes o f
s h ie ld in g  a re  im p o rta n t as th e y  cause re d u c tio n s  in  th e  lo c a l
" d r iv in g  f o r c e "  v ia  d i f f e r e n t  r o u t e s . T h e s e , in  t u r n , have  
im p lic a tio n s  on how t h e i r  potency chances w ith  c y c l ic  versus  
m onotonic lo a d in g  and w ith  in c re a s in g  ve rs us d ec rea s in g  s tre s s  
in te n s it ie s .
Although under monotonic lo a d in g , sh ie ld in g  simply re s u lts  in  a 
reduction  in  the lo c a l "d riv in g  fo rc e " , under c y c lic  loading the 
e f f e c t  may take d if fe re n t  forms, schem atica lly  i l lu s t r a te d  in  Figure
1 .3 . Since the p rin c ip a l "d riv in g  fo rce" fo r  fa t ig u e  crack advance, 
under s m a ll -s c a le  y ie ld in g  fo r  exam ple , Is  th e  range o f  s tre s s  
in te n s ity , AK may be reduced lo c a lly  by a decrease in  K^ax and a
sm aller decrease in  K ^ ,  as w ith  crack d e f le c t io n ;  a decrease In
Kniax and an increase in  S ^ n » as w ith  bridg ing  or s l id in g ;  o r simply 
an increase in  K ^ n , as In  wedging.
The n a tu re  o f  the s h ie ld in g  mechanism, o r  co m bination  < 
mechanisms in v o lv e d , w i l l  thus d ic ta te  th e  s p e c i f ic  behavio  
observed. For example, crack d e fle c tio n  produces a m u lt ip lic a t iv e  
r e d u c t io n  fn  the lo c a )  Mode I  s t re s s  in t e n s i t y ,  and thus may he 
expected to have an equal e f fe c t  a t  a l l  stress in te n s ity  le v e ls .  
S h ie ld ing  from enclaves o f  p la s tic  zones or d ila te d  zones o f  m a te ria l 
undergoing phase tran s fo rm a tio n , m icrocracking or void formation  
conversely produces a fixe d  reduction In  lo c al s tre ss  in te n s ity , a t  
le a s t  fo r  a co n s ta n t e q u il ib r iu m  zone s i z e .  As the degree o f  
s h ie ld in g  is  r e la te d  to  the zone s iz e  (s e e  s e c tio n  1 . 5 ) ,  zone 
s h ie ld in g  mechanisms are favored a t  high stress In te n s ity  le v e ls , but 
are g e n e ra lly  less potent in  fa t ig u e  as the range o f  s tress in te n s ity  
remains unchanged, although the mean K% or load ra t io  (R = Kmin/Kmax) 
is  reduced. Contact sh ie ld in g  through wedging, conversely, ra ises  
the local s tress in te n s ity  under monotonic load ing, y e t  reduces the 
d riv in g  force fo r fa tig u e  by opposing the closing  o f  the crack. This  
la t t e r  process is  the essence o f  the well-known phenomenon o f  fa tig u e  
c ra ck  c lo s u re  whereby the nominal AK range is  reduced by e f fe c t iv e ly  
ra is in g  Kmin- The e f fe c t  o f  crack closure is  th e re fo re  favored a t  low 
s tre s s  in t e n s i t i e s  where crac k  t ip  opening d is p lac em e n ts  are  
s m alles t. Contact sh ie ld in g  through bridg ing  (e .g . ligam ent or f ib e r  
toughening}, or s l id in g  ( e .g . s l id in g  crack surface in te r fe re n c e ) ,  
re s u lts  in a reduced d r iv in g  force fo r  both monotonic and c y c lic  
cra c k  e x te n s io n  as these mechanisms oppose both the opening and
The fo llo w in g  sections examine broadly the various ca tegories o f  
e x t r in s i c  to ug h e n in g , and d e s c rib e  the In d iv id u a l m e c h a n ic a l, 
m fcrostruc ttrra l and environmental m icro-m echanisms re s p o n s ib le  fo r  
such processes in  a d iv ers e range o f  m a te r ia ls , in c lu d in g , m eta ls , 
ceram ics, concrete , polymers and composites, subjected to monotonic 
and c y c lic  loading.
1 .4 .  CRACK DEFLECTION AMD MEANDERING
Crack d e f le c t io n , whereby the Mode I "crack d r iv in g  fo rc e 11 1s 
lo c a lly  reduced by d ev ia tio n s o f  the crack path from the surface o f  
maximum te n s ile  s tre s s , has been shown to play a s ig n if ic a n t  ro le  In  
'joverning the toughness and ra te  o f  s u b -c r i t ic a l crack gro’-' in  a 
wide range o f  m a te r ia ls , from the toughness o f  b r i t t l e  ceram iv; (19)  
to  fa t ig u e  crack growth in d u c t ile  m e ta llic  a llo ys  (2 0 ) .  Solutions  
fo r various id e a lize d  d e fle c tio n  geometries are a v a ila b le  fo r both 
e la s t ic  and nonlinear e la s t ic  cracks. As an example, the C o tte re ll 
and R ice s o lu t io n  (2 1 )  fo r  a s im p ly  k inked crac k  (F ig u r e  1 . 2 ) ,  
subjected to a nominal Mode I s tress in te n s ity  K j, can be expressed 
in  t e r r u  o f  th e  k in k  a n g le  0 and lo c a l Mode I  and Mode T I s t re s s  
in te n s it ie s  k j and ka along the kink:
k i = cos3 (0 /2 )  Kj (1 .5 a )
kg = s in (0 /2 )  cos2 (6 /2 )  Kj (1 .5 b )
This so lution  app lies  provided the length  b o f  the d e flected  
portion  is  small compared to  the to ta l crack le n g th , although the 
m a g n itu d e  o f  th e  ch anges In  s t r e s s  i n t e n s i t y  a re  k in k  s i z e  
independent. In the general case, which Includes tw is tin g  o f  the 
c r a c k , th e  lo c a l c ra c k  t ip  " d r iv in g  f o r c e " ,  K t ip ,  ( f o r  c o p la n a r  
growth along the de fle c ted  p o rtio n ) can then be estim ated in terms o f  
the maximum s tra in  energy re lease ra te , G:
K tip  = /EG ” [ k i2 (1 -v 2 ) + kg2 (2 -v 2 ) + k ]2 ( H u ) ] 0 - 5 (1 .6 )
where kg is  th e  lo c a l Mode I I I  s t re s s  in t e n s i t y ,  E is  Young's 
modulus, and v is  Poisscn's r a t io .  For the simply t i l t e d  crack in  
F ig u re  1 .2 ,  re d u c tio n  in  "crac k  d r iv in g  fo rc e "  f o r  in -p la n e  
d e fle c tio n s  o f ,  say, 30 and 90 deg are thus o f  the order o f 10 and 
50%, r e s p e c t iv e ly ;  much la r g e r  re d u c tio n s  can be ach ieved  w ith  
associated tw is tin g  o f  the crack.
The s iz e , ra th e r  than sim ply the ang le , o f  the d e flected  crack 
segment can have an e f fe c t  on the k in e tic s  o f  crack advance, as i t
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d ic ta te s  the ex ten t o f  crack extension which experiences the reduced 
"d riv in g  fo rc e " . A ccord ing ly, sh ie ld in g  through crack d e fle c tio n  can 
be more s ig n if ic a n t  in  a ffe c tin g  s u b -c r i t ic a l crack growth ra te s , 
such as by fa t ig u e . By considering both the changes in apparent 
growth ra te  and lo c al "d riv in g  force" fo r repeated (tw o-dim ensional) 
crack segments In v o lv in g  a d e fle c tio n  angle © , a defle c ted  d istance  
b and u n d e fle c te d  d is ta n c e  c , th e  e f f e c t i v e  c r a c k - t ip  s tre s s  
in t e n s i t y  ra n g e , A K tip , and growth r a t e ,  d a /d N , o f  an id e a liz e d  
( l in e a r  e la s t ic )  defle c ted  crack have been estim ated to  be (2 0 ):
A , .  (b *  =1 »
t ip  I D + C j  L
where (AK)l and {da/dN)|_ are the nominal stress In te n s ity  range and 
growth ra te  o f  the l in e a r  undeflected  Mode I  crack, re s p e c tiv e ly .
By promoting crack d e fle c tio n  through the In c lusion  o f  p a rt ic le s  
w ith  high aspect r a t io s . Increases in  fra c tu re  toughness by up to a 
fa c to r  o f  3 have been claimed fo r  ceramic m a te ria ls  (2 2 ).  Moreover, 
th r  phenomenon can be e x tre m e ly  im p o rta n t d u rin g  th e  f a t ig u e  o f  
m e t a l l i c  a l lo y s  w here th e  d e f l e c t i o n  o f  th e  c ra c k  p a th  may 
a d d it io n a lly  Induce sh ie ld in g  from the wedging o f  enlarged f ra c tu r j  
surface a s p e ritie s  (2 0 ,2 3 ).
1 .5 .  ZONE SHIELDING
1 .5 .1 .  In troduc tion
Most m a te ria l systems e x h ib it  an in e la s t ic  zone o f  m a te ria l th a t  
surrounds a crack and va rie s  in geometric form in  response to the 
app lied  stress f ie ld  ahead o f  the crack t ip .  Such zones are t y p ic a lly  
e x e m p lif ie d  by th e  p la s t ic  zone in  m e ta ls , a m ic r o s t r u c t u r a l ly  
"damaged" zone in  ceramics and -a "crazed" zone in polymers. In some 
systems, however, the s p e c ific  mechanism o f  deform ation responsible  
fo r  the zone may lead to a sub s ta n tia l reduction  o f  the stress f ie ld s  
in the region o f  the crack t ip .  The crack t ip  is  thus e f fe c t iv e ly  
shielded from the rem otely app lied  s tre s s . The general form o f  the 
crack t ip  stress f ie ld s  may th e re fo re  be charac terized  by two stress  
in t e n s i t y  fa c to r s  in  the presence o f  a process zone as shown In  
Figure 1 .4 . Outside the process zone, fo r  a l in e a r  e la s tic  m ateria l 
under small scale y ie ld in g , eqn. 1.1 may be w ritte n  as:
where Kj is  the stress In te n s ity  determined from the applied  loads. 
Assuming th a t the n o n -lin e a r deformation mechanism has saturated  in 
the process zone and hence, the m a te ria l once more behaves l in e a r  
e l a s t i c a l l y ,  th e  s t r e s s  f i e l d s  n e a r  th e  c ra c k  t i p  may be 
c h a rac terirsd  by another stress in te n s ity  fa c to r ,  K tip , such tha t:
The ex te n t o f  zone sh ie ld in g  is  f in a l l y  obtained by rearranging  
eqn. 1 .3  to  o b ta in :
K, -  *1 - Kt j p (1.10)
This form o f  "zone sh ie ld in g " was f i r s t  q u a n t ita t iv e ly  studied  
in ceramic systems containing  a dispers ion  o f  metastable z irc o n ia  
p a r t ic le s  which transform  from a m onoclinlc to tetragonal c ry s ta l 
s t r u c tu r e  in  the h igh  s tre s s  f ie l d s  ahead o f  a crack t i p .  When 
confined to a region surrounding the crack, sh ie ld in g  re s u lts  from
th e  d i l a t a t i o n a l  and s h e a r  s t r a i n s  a s s o c ia t e d  w i t h  th e
tran s fo rm a tio n , and is  termed transform ation  toughening (2 4 -2 8 ) . The 
concept o f  such s h ie ld in g  has su b s eq u en tly  found more g en e ral 
a p p lic a tio n  in  the exp lanation  o f  m icrocrack toughening in ceramics
( 2 9 - 3 1 ) ,  crac k  t ip  d is lo c a t io n  s h ie ld in g  ( 3 2 ,3 3 ) ,  crac k  wake
p la s t ic i ty  in m etals (3 4 ) ,  and void form ation and growth in rubber 
toughened polymers (3 5 ) .
I t  is  Im p o rta n t to  em phasize th a t the above mechanisms o f  
s h ie ld in g , which w i l l  be in d iv id u a lly  discussed in more d e ta i l in  the 
fo llo w in g  se ctions , re s u lts  p r im a r ily  from the zone l e f t  behind in 
the wake o f  a s ta b ly  advancing crack. Indeed, the zone a t  the t ip  o f  
a s ta tio n a ry  crack may in  some instances lead to lo c a l increases in  
th e  crac k  t i p  f i e l d s  ( a n t i - s h ie ld in g )  (2 7 )  and decreases in  the  
In t r in s ic  toughness (3 0 ).  This is  In co n tra s t to the s ig n if ic a n t  
toughening  e f f e c t  observed in  a u s te n i t i c  s te e ls  which undergo a 
deform ation-Induced m a rte n s itic  tran s fo rm a tio n . Here the p rin c ip a l 
e f f e c t  o f  the  tra n s fo rm a t io n  p l a s t i c i t y  has been suggested to  
s t a b i l iz e  p la s t ic  flow  by accommodating flow lo c a liz a t io n  ahead o f 
th e  c r a c k  t i p  ( 3 6 ) .  T h is  m echanism  m ig h t a ls o  p ro v id e  some 
c o n trib u tio n  to toughening in trans form ation  toughened ceramics, 
however, th e o re tic a l understanding is  lim ite d  and beyond the scope o f  
the present review .
F in a l ly ,  the deform ation mechanism responsib le fo r the process 
zone may re s u lt  in  m o d ifica tion  o f  the crack t ip  geometry or changes 
in  the in t r in s ic  toughness o f  the crack t ip  m a te r ia l. These e ffe c ts  
may produce s ig n if ic a n t  a l te ra t io n  o f  the f in a l measured toughness in  
a d d itio n  to the zone sh ie ld in g  e f f e c t .  A number o f  p o s s ib il i t ie s  are 
immediately apparent and are schem atica lly  i l lu s t r a te d  in  Figure 1 .5 . 
The most simple case involves the crack remaining a to m ic a lly  sharp 
t y p i c a l  o f  m ost b r i t t l e  m a t e r i a l s .  H ere  o n ly  th e  s h ie ld in g  
c o n trib u tio n  to the f in a l toughness need be considered. However, 
where b lun ting  o f  the crack t ip  occurs, c h a ra c te r is t ic  o f m e ta llic  
a l lo y s ,  th e  s y n e r g is t ic  e f f e c t  o f  both b lu n tin g  and s h ie ld in g  
c o n trib u te  to  the f in a l toughness. Where crack t ip  processes occur to 
degrade the in t r in s ic  toughness, such as microcracking in  ceramic 
systems and void form ation in  m eta ls , the counteracting  In fluences o f  
a reduced in t r in s ic  toughness and sh ie ld in g  from the process zone 
need be assessed. L a s tly , changes o f the in t r in s ic  toughness due to 
phase transform ation  o f  m a te ria l a t  the crack t i p ,  or when the crack 
in te rc ep ts  a second phase, should also  be considered.
1 .5 .2 .  Transform ation Toughening
Transform ation toughening, in  which sh ie ld in g  is  achieved 
from the stress-induced phase transform ation  o f  m a te ria l surrounding 
a crack, has proved to be a potent toughening mechanism in a v a r ie ty  
o f  p r im a r i ly  b r i t t l e  m a te r ia l system s. A number o f  independent 
th e o re tic a l approaches have been advance^ t r  ...count fo r the extent 
o f  toughening th a t may be a t tr ib u te d  to  the p r in c ip a lly  d ila ta n t  
trans form ation  s tra in s . The i n i t i a l  approach o f  McMeeking and Evans 
(2 5 ) was based on d ire c t  c a lc u la t io n  o f  the m odified crack t ip  stress 
f ie ld s  using Eshelby transform ation  and weight function  techniques. 
Subsequent more g en e ral thermodynamic approaches are  based on 
G r i f f i t h  concepts (37 ) or by adopting energy balance in te g ra ls  (2 6 ).  
M ost r e c e n t l y ,  in  a d e t a i l e d  a c c o u n t o f  th e  m e ch an ics  o f  
t r a n s fo r m a t io n  to u g h e n in g , Rose ( 3 8 )  has used a c o n tin u o u s  
d is tr ib u t io n  o f  s tra in  centers to represent the in e la s tic  s tra in  due 
to  th e  t r a n s f o r m a t io n .  S h ie ld in g  is  th e n  c h a r a c t e r iz e d  by 
pertu rbations in  the complex p o te n tia ls  which are used to describe 
the stress f ie ld s ,  due to s tra in  centers in  the v ic in i t y  o f  the crack 
t ip .  In g en e ra l, these models have re su lted  in  reasonably consistent 
r e s u lts .
Common to these th e o re tic a l approaches is  the requirement to 
s p e c ify  the tra n s fo rm a t io n  zone shape. W hile  e a r ly  approaches 
considered o n ly  the h yd ro s ta tic  component o f  the crack t ip  f ie ld  as 
the transform ation  c r ite r io n  (2 5 ,2 6 ) ,  la te r  works have attempted to 
in c lu d e  shear e f f e c ts  ( 2 7 ,3 8 - 4 0 ) .  Depending on the s e le c te d  
transform ation  c r i te r io n ,  marked d iffe re n c e s  in  the shape o f  the 
'r e n ta l transform ation  zone may re s u lt .  As the a ttendan t toughening, 
Kg, not on ly scales w ith  the process zone heigh t H, but is  modified  
by the f ro n ta l zone morphology, s p e c ific a t io n  o f  the zone shape is 
Im portant (2 8 ,3 8 ,3 9 ) .
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The ex te n t o f  sh ie ld in g  c v  may derive  from the fro n ta l process 
zone has been shown to be Ks . for the case o f  pure ly  d ila ta t io n s !  
transfo rm ation  s tra in s  and hyo: > s ta t ic  nucleation  c r ite r io n  (2 5 ,2 6 ).  
However, i f  shear s tra in s  are included in  the a n a ly s is , marginal 
c o n trib u tio n s  to sh ie ld in g  may re s u lt  depending on p a r t ic le  shape 
and o rie n ta tio n  e f fe c ts  (2 7 ) .  As the transform ation  zone extends in to  
the wake o f  a s ta b ly  advanc ing  c r a c k , R -curve b e h a v io r , where 
re s is ta n c e  to  f u r th e r  crac k  advance in c re a s e s , o b ta in s  and is  
depicted in  Figure 1 .6 . Steady s ta te  sh ie ld in g  re s u lts  a f te r  a crack 
e x te n s io n  o f  a p p r o x im a te ly  5H . The m a g n itu d e  o f  th e  maximum 
t o u g h e n in g  In c re m e n t  p r e d ic t e d  f o r  a p u r e ly  d i l a t a t i o n a l  
t ra n s fo rm a t io n  which does no t re v e rs e  In  th e  w ake, and when a l l  
p a r t ic le s  in  the zone transform  (s u p e rc r it ic a l tran s fo rm a tio n ), has 
an asym ptotic value (2 5 ,2 6 ):
where f v In  the volume fra c tio n  o f  transform ing p a r t ic le s , and eTi j  
is the transform ation  s t ra in . The transform ation  zone width is  given 
by:
w h e re  <7C is  th e  c r i t i c a l  h y d r o s t a t i c  s t r e s s  to  i n i t i a t e  
t ra n s fo rm a t io n . The in c lu s io n  o f  shear and p a r t ic le  shape and 
o rie n ta tio n  e ffe c ts  have revealed th a t  s u b s ta n tia lly  more toughening 
may re s u lt  than the pure ly  d i la ta t io n a l case (2 7 ) .  In a d d it io n , i t  
has been suggested th a t  where t ra n s fo rm a t io n  proceeds by shear  
lo c a liz a t io n  in  the process zone, damage in  the form o f  m icrocracks 
are  accum ulated  by th e  in t e r s e c t io n  o f  sh e ar bands and g ra in  
b o u n d a r ie s , t h e r e f o r e  p r o v id in g  an a d d i t io n a l  com ponent o f  
d i la ta t io n a l s tra in  in the zone which w i l l  enhance the toughening 
e f fe c t  (3 9 ) .  The re s u lts  o f  these considerations have been summarized 
In  (2 8 ) ,
The m ost c o m p re h e n s iv e  e x p e r im e n t a l  d a ta  d e m o n s tra t in g  
transform ation  toughening and associated R-curve behavior, th a t Is ,  
increasing  toughness w ith  crack propagation, has been obtained in  
z ir c o n ia  and alum ina ceram ics c o n ta in in g  p a r t i a l l y  s t a b i l i z e d  
z irc o n ia  p a r t ic le s  as a dispersed phase (4 1 -4 4 ) . The stress-induced  
transform ation  o f  these p a r t ic le s  from the tetragonal to monocVnic 
c r y s ta l  s t r u c tu r e  is  accompanied by an u n c o n s tra in e d  v o lu m e tr ic  
exoansion o f  4 -  6$ (4 5 ,4 6 ) and a shear component o f  about 142 (4 7 ) .  
Typical volume f ra c tio n s , f v , o f  p a r t ic le s  o f  0 .3  to  0 .5  (48 ) re s u lt  
in  to ta l d i la ta t io n a l s t ra in s , e j ,  o f  0.012 to  0 .0 3 . The concomitant 
Increase in toughness p res en tly  ach ievable in  a Mg-PSZ, fo r  example,
Ks -  0.22 E f ,  sTjj /H / ( 1 - v ) ( l.U )
( 1 . 12)
is  from an untoughened m atrix  o f  3 MPa/E to 14 MPa/S (4 1 ,4 4 ,4 9 ) .
Experimental measurement o f  R-curve behavior in transform ation  
toughened m a te r ia ls  is  d i f f i c u l t  and o f te n  e x a c erba ted  by near  
surface residual compression due to specimen preparation  procedures, 
co n trib u tio n s  from o ther e x tr in s ic  toughening mechanisms, such as 
microcrack s h ie ld in g , d e fle c t io n  and branching, and u n ce rta in ty  in  
the lo c utio n  on the R-curve (2 8 ,4 3 ),  A comparison o f  th e o re tic a l and 
measured R-curves o f  a MgO-PSZ ceram ic, d is p lay in g  c h a ra c te r is t ic a lly  
la rge increases In  toughness w ith  i n i t i a l  crack propagation, is  shown 
In  Figure 1 .7  (from r e f .  4 4 ) ,  Note the com plexities introduced by 
d if fe r e n t  te s t methods (surface cracks compared to  through thickness 
cracks) can lead to v a ria tio n s  o f the measured R-curves. Suppression 
o f  trans fo rm ation  toughening in  the same m a te ria l by heat-trea tm ent 
re s u lts  in  a s ig n if ic a n t ly  reduced R-curve re f le c t in g  microcracking  
and crack branching e ffe c ts  (5 0 ) .
The e f fe c t  o f  transform ation  toughening is  also  apparent on other 
forms o f  s u b c r i t ic a l  crac k  p ro p ag a tio n  b e h a v io r . The b e n e f ic ia l  
e f f e c t  o f  a reduced near t ip  d r iv in g  force due to transform ation  
toughening  on the e n v iro n m e n ta lly -e n h a n c e d  s u s ta in e d - lo a d  crack  
growth b e h a v io r o f  both z ir c o n ia  and alum ina ceram ics has been 
in v es tig a te d  by Becher ( 5 1 ,5 2 ).  A marked reduction  o f  slow crack 
growth v e lo c ity  in  these toughened ceram ics, compared to  untoughened 
ve rs io n s , was apparent in moist a i r  and water environments.
The e f fe c t  o f  transform ation  toughening on crack propagation  
under c y c lic  loading conditions is  less c le a r . Sates o f  c y c lic  crack 
propagation in  m a te ria ls  e x h ib it in g  s u s c e p tib i l i ty  to fa t ig u e  are 
g en e ra lly  more dependent on the range o f  s tress in te n s ity , ra th e r  
than the mean or maximum le v e ls  (5 3 ) .  As zone sh ie ld in g  mcchanisms 
in fluence K ^ x  and e q u a lly , and hence do not a l t e r  the range o f 
s tre s s  in t e n s i t y ,  p o te n t ia l  b e n e f i ts  may o n ly  be d e r iv e d  from a 
reduction  o f  the mean stre ss .
In  m e ta llic  a l lo y s , stud ies o f low cycle  fa tig u e  behavior in  
unstable a u s te n it ic  s te e ls  subject to a stra in -in du c ed  m a rte n s itic  
tran s fo rm a tio n , in  which a p o s itiv e  volume expansion occurs, have 
revealed th a t a t  small s t ra in  am plitudes where the transform ation  is  
lim ite d  to  a region surrounding the crack, improvements in  fa tig u e  
l i f e  may re s u lt  (5 4 -5 6 ) . However, a t  high s tra in  am plitudes and in 
less sta b le  au s te n ite  where the ex ten t o f  transform ation  is  la rg e and 
not confined to a zone surrounding the crack, fa t ig u e  behavior may be 
independent o f  the ex ten t o f  transform ation  (5 7 ) or e x h ib it  a reduced 
f a t ig u e  l i f e  ( 5 5 ,5 6 ) .  R e s u lts  o f  these e a r ly  s tu d ie s  have been 
re v ie w e d  by H ornbogen ( 5 8 )  and r e t a r d a t io n  o f  f a t ig u e  c r a c k  
propagation ra tes ra tio n a liz e d  in terms o f  the in te rn a l compressive 
stresses associated w ith  the transformed zone.
C o n v e rs e ly , i t  is  g e n e ra l ly  c o n s id ere d  t h a t  co n v e n tio n a l 
m ono lith ic  ceramics do not s u ffe r  s ig n if ic a n t  degradation by c y c lic  
fa t ig u e  based p r im a r ily  on the very lim ite d  iack t ip  p la s t ic i ty
apparent is  these m a te ria ls  (5 9 -6 1 ) . In ceramics toughened by zone 
sh ie ld in g  mechanisms, however, the re s u lt in g  n on linear s tre s s -s tra ln  
response o f  m a te ria l In  the transform ation  zone suggests the strong  
p o s s ib il i ty  o f  fa tig u e  e f fe c ts  unde v c llc  loading co n d itio n s . Such 
fa t ig u e  crack propagation behavior i  • tenslon-tens lon  loading  in a 
transform ation-toughened z lrc o n la  ce. ,»1c was f i r s t  observed in the 
p re s e n t s tu d y , and r e s u lt s  are  p r ^ .e ' i e d  In  C hapter 4 . Akin to 
fa tig u e  behavior in  m eta ls, c y c lic  crack growth ra te s are found to 
show s im i la r  dependencies on c y c l ic  fre q u e n c y , load  r a t io  and 
a lte rn a t in g  stress In te n s ity  range (Chapter 4 ) .  I t  would th ere fo re  
appear t h a t  th e  n o n - l in e a r  b e h a v io r o f  m a te r ia l elem ents  in  the  
region o f  the crack t ip  associated w ith  transform ation  toughening may 
induce s ig n if ic a n t  s u s c e p tib i l i ty  to fa t ig u e  crack propagation in 
m a te ria ls  norm ally not prone to fa t ig u e  degradation.
1 .5 .3 .  M icrocrack Toughening
Analogous to the ro le  o f  a d ila ta t io n a l phase transform ation  in 
transform ation  toughened m a te r ia ls , the form ation o f microcracks in 
re g io n s  o f  h igh s tre s s  f i e l d s  ahead o f  a crac k  t i p  in  b r i t t l e  
m a te r ia ls  may le a d  to  a d i la te d  m ic ro c ra c k  zone and hence an 
a ttendan t toughening enhancement. S p e c if ic a t io n  o f  the d i la ta t io n ,  
a llo w s  the toughness to  be p re d ic te d  by ad o p tin g  s im ila r  
p rocedures developed fo r  tra n s fo rm a t io n  toughening  ( 2 5 ,2 6 ) .  The 
a n a ly s is , however, d i f fe r s  in  two Im portant respects: f i r s t l y ,  the 
in t r in s ic  toughness o f  the microcracked m a te ria l d ir e c t ly  ahead o f 
the c r f k  t ip  is  degraded; and secondly, the bulk modulus o f  the 
microcracked m a te ria l in the process zone Is  reduced (3 0 ,3 1 ,6 2 -6 4 ).
For b r i t t l e  m a te r ia ls , stud ies on porous glasses (65 ) in d ic a te  
th a t an appropria te  choice fo r  the decay in  in t r in s ic  toughness with  
increasing  volume fra c tio n  o f  m icrocracks, f m, might be:
; Kod-fm) ( U 3 )
where Km0 and K0 are the in t r in s ic  toughnesses o f  the m a te ria l with  
and w ithout m icrocracks, re s p e c tiv e ly . In a d d it io n , so lutions o f  the 
bulk modulus o f  the microcracked m a te ria l (66 ) a llow  the d ila ta t io n a l  
component o f  the s tra in  Induced by n o n -in te rac tin g  microcracks to be 
w r i t t e n  in  term s o f  the p r io r  re s id u a l s tre s s  on th e  m ic ro cra ck  
p la ne , o r , as (2 8 ,6 7 ):
(1 .1 4 )
where E0 is the modulus o f  the uncracked m a te r ia l.
I t  fo llows from the a n a ly tic  development o f  (3 0 ,6 3 ) th a t the 
f r o n ta l  process zone does no t produce an a p p re c ia b le  change in
toughness, due to  the counteracting  in fluences o f  crack t ip  sh ie ld ing  
from the i n i t i a l  m icrocracking zone and degradation o f  the in t r in s ic  
toughness. The maximum predicted  sh ie ld ing  increment obtained from a 
f u l l y  developed microcracked process zone e x h ib its  the form:
Ks ■ 0 .21  E„ cM jj / i t  / a  .  v ) (1 .1 6 )
where H is  the zone he igh t. S im ila r  to  transform ation  toughening, R- 
curve behavior n a tu ra lly  oota lns fv r  process zone s izes in term edia te  
o f  th e  f r o n t a l  and f u l l y  developed zone ( 3 0 ) .  Comparison o f  the  
magnitude o f  transform ation  toughening w ith  microcrack toughening, 
eqn. 1.11 w ith  eqn, 1 .1 5 . reveal th a t fo r s im ila r  zone s iz e s , H, 
and d i la ta t lo n a l s tra in s , e ' 1j  # eMf j ,  the mechanisms are comparably 
e f f e c t i v e .  However, as the m icrocracked  toughening in c rem e n t is  
superim posed on a degraded i n t r in s i c  toughness (e q n . 1 . 1 3 ) ,  the  
e f f e c t  o f  microcrack sh ie ld in g  may be o f fs e t  p a r t ic u la r ly  a t  la rg e r
Microcrack toughening and associated R-curve behavior have been 
observed in  a number o f m a te ria l systems Inc lud ing  p o ly c ry s ta ll ln e  
A I2O3 and ZrOg ceramics (2 8 ,3 1 ),  and in  concrete and rocks (6 8 ,6 9 ).  
M icrocracking is p a r t ic u la r ly  susceptible to residual s tress f ie ld s  
which when superimposed on the app lied  crack t ip  f ie ld s  In i t ia t e  
m ic ro c ra c k s . N u c le a tlo n  t h e r e fo r e  o ccurs a t  s i te s  o f  therm al 
contrac tion  an isotropy among randomly o rie n ta te d  grain  boundaries 
{2 8 ,3 1 ) ,  thermal co n trac tion  mismatch around in c lu s io n s , and in  the 
m a tr ix  between in t e r g r a n u la r  p a r t ic le s  w ith  la rg e  fa c e t  le n g th s  
( 2 8 ,6 2 ) .  In  a d d it io n ,  p a r t ic le s  undergoing  phase tra n s fo rm a tio n  
induce residual te n s i le  stresses th a t may in i t i a t e  microcracks (6 2 ). 
P re lim in a ry  a n a ly s is  o f  the s im u ltaneous tra n s fo rm a t io n  and 
m icrocracking s itu a tio n  have revealed th a t more potent sh ie ld in g  may 
be expected than fo r transform ation  toughening alone (7 0 ).
1 .6 .4 .  D is lo ca tio n  S hie ld ing
The generation o f  a d is tr ib u t io n  o f  d is lo ca tion s  in the p la s tic
zone ahead o f  a crack t ip  is  expected in m a te ria ls  which e x h ib it
p la s t ic  b e h a v io r . In  p a r t i c u la r ,  between the extrem es o f  t r u ly  
d u c t i le  m a te ria ls  which e x h ib it  gross p la s t ic i ty ,  and Id e a lly  b r i t t l e  
m a te ria ls  which f a i l  by pure b r i t t l e  cleavage w ith  no d is c e rn ib le  
p l a s t i c i t y ,  a c la s s  o f  m a te r ia ls  e x is t  in  which cracks remain  
a to m ic a l ly  s h a rp , but are  surrounded by a zone o f  d is lo c a tio n s  
generated by the high stress f ie ld s  associated w ith  the crack t ip  
(7 1 ) .  For example, in  s itu  TEM observation o f  shear cracking o f  Mo 
and W (7 2 ),  and s ta in le s s  s te el (7 3 ) has revealed the presence o f  
d is lo c a t io n  d is t r ib u t io n s  ahead o f  sharp crac k  t ip s  in  Mode I I I  
separa tion .
The q u e s tio n  th e n  a r is e s  as to  th e  in t e r a c t i o n  o f  th e
d is lo ca tion s  w ith  eachother, and more s p e c i f ic a l ly ,  th e ir  ro le  in
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m odifying the applied  crack t ip  stress f ie ld s .  In a d d it io n , i f  the 
production (o r  a n n ih ila t io n ) o f  d is lo ca tion s  re s u lts  in  a blunting  
re ac tio n  a t  the crack t ip  then a concomitant decrease in  the stress  
in te n s ity  o f  the blunted c a c k  t ip  re s u lts . The combined e f fe c t  o f  
b lu n tin g  and d is lo c a tio n  sh ie ld in g  processes on the crack t ip  stress  
f ie ld s  may be approximated by:
" t ip  '  Oapp'/=7p -  "s h ie ld  (1 .1 6 )
where c is  the crack length  and p the roo t rad ius.
A t p re s e n t ,  o n ly  a l im ite d  number o f  c ra c k  t ip  d is lo c a t io n  
c o n f ig u ra t io n s  have been t re a te d  a n a ly t i c a l l y  ( 3 2 ,3 3 ,7 1 ) .  These 
re s u lts  do, however, provide a basis fo r  understanding more complex 
lo ading modes and m a te ria l d efec t co n fig u ra tio n s . For the t r i v i a l  
case o f  a screw d is lo c a t io n  w ith  B urgers v e c to r  b , s i tu a te d  a 
dis tance c ahead o f  a s e m i- in f in ite  Mode I I I  shear crack (Figure  
1 . 8 ( a ) ) ,  the an a lysis  In d ic a tes  th a t the crack t ip  stress in te n s ity  
f a c t o r ,  Kg, c lo s e  to  th e  c ra c k  t ip  due to  th e  presence o f  the  
d is lo c a tio n  is  given by (3 2 ):
Kg = -  C °s (e /Z } (1 .1 7 )
where y is  the shear modulus. I f  the d is lo c a tio n  is  generated by the 
crack t ip  stress f ie ld s  then the app lied  stress in te n s ity  K m  and 
the stress in te n s ity  due to  the d is lo c a tio n  Kg have opposite signs 
and n e t s h ie ld in g  o b ta in s . A sim p le  e x te n s io n  o f  th e  a n a ly s is
in d ic a te s  th a t  fo r  an a r ra y  o f  2N-1 d is lo c a t io n s  s i tu a te d  on a 
c i r c le ,  radius r ,  around the crack t ip  (F ig ure  1 .8 ( b ) ) ,  the re s u lta n t  
sh ie ld in g  stress in te n s ity  is  (3 2 ):
Kd -  -  J j L  ( M j  fo r N > 10. (1 .1 8 )
The combined e f f e c ts  o f  a la rg e  number o f  d is lo c a tio n s  may 
th e r e fo r e  be expected  to  produce a s i g n i f i c a n t  e f f e c t  on the  
d is lo c a tio n  sh ie ld in g  component ( fo r  example, a value o f  Kg = 50
MPa yin has been estim ated from eqn. 1.18 fo r  ty p ic a l values o f  y , b, 
c and N c h a ra c te r is t ic  o f  s te e ls  (3 2 ))  and hence the f in a l measured 
fra c tu re  toughness. In a d d it io n , knowledge o f  d is lo ca tio n  and crack- 
t ip  in te ra c tio n s  has a lso  been used to assess the ex ten t o f  sh ie ld ing  
expected in  b r i t t l e  transform ation  toughened ceramic m a te ria ls  where 
the transform ation  s tra in s  are represented by d is lo c a tio n  d ipo le
co n fig u ratio n s (3 3 ).
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1 .5 .5 .  Other Fores o f  Zone S h ie ld ing
A number o f  a d d it io n a l forms o f  zone s h ie ld in g  have been 
postu lated  which Involve constrained zones formed by processes o f  
crack wake p la s t ic i ty  (35 ) and void formation and growth (3 5 ,7 4 ).  In 
the case o f  zones formed from crack wake p la s t ic i ty ,  sh ie ld in g  is 
assumed to  d e r iv e  from th e  i r r e v e r s ib le  p la s t ic  d e fo rm a tio n  o f  
m a te ria l associated w ith  the crack t ip  p la s tic  zone. Some progress 
has been made in the understanding o f  contained p la s t ic i ty  associated  
w ith  crack t ip s  ( 9 ) ,  however, a n a ly tic a l so lutions are m athem atically  
d i f f i c u l t ,  p a r t ic u la r ly  In the case o f  te n s i le  (Mode I )  opening under 
plane s tra in  co n d itio n s . With the in tro d uc tio n  o f  p la s t ic i ty ,  added 
com plexities re s u lt in g  from f in i t e  geometry changes a t  the crack t ip  
m ust a ls o  be c o n s id e re d  I f  an a c c u r a te  d e s c r i p t io n  o f  lo c a l  
conditions is  des ired . N evertheless, estim ates o f  the ex ten t o f 
toughening from p la s tic  d ila ta t io n  have been undertaken, p a r t ic u la r ly  
when enhanced by the presence o f  d u c t i le  p a r t ic le  d is p e rs io n s .  
T y p ic a l m a te r ia l systems in c lu d e  ru bber p r e c ip i t a t e  toughened 
polymers (35 ) and d u c t ile  phase toughened ceram ics, which a t  present 
is  lim ite d  to  two composite systems: A I2O3 /A I and WC/Co O ) -  Here the 
p la s t ic i ty  Induced zone sh ie ld in g  tends to be Increased by d u c tile  
p a r t ic le s  having small s ize  and low y ie ld  strengths ( 1 ) .
The d i la ta t io i.  associated w ith  the formation and growth o f  voids 
in a zone o f  m a te ria l surrounding a crack has also been suggested as 
a p o te n t ia l  form  o f  s h ie ld in g  ( 1 ,3 5 ) .  In  p a r t i c u la r ,  the marked 
reduction  in  the stress s in g u la r ity  ahead o f  a crack exposed to  the 
growth o f  c a v ita tio n  damage fn the crack t ip  f ie ld  has been analyzed 
( 7 4 ) .  In  the present study, estim ates o f the sh ie ld in g  from hydrogen 
atta c k  damage in  the form o f  creep-enhanced methane bubble formation  
in a zone surrounding a crack in  a low a llo >  s te el are presented in  
Chapter 3 . In  the m a jo r ity  o f  these p re lim in a ry  s tu d ie s, however, 
c e rta in  conjectures have been required  to obta in  a f in a l re s u lt .  
These have included the neg lect o f  the in fluence o f  the holes on the 
p la s t ic  c ra c k  t i p  s tre s s  f i e l d  and In t e r a c t io n s  between h o le s .  
Caution should th ere fo re  be exercised in applying these re s u lts  in a 
f u l ly  q u a n tita t iv e  sense.
Although perhaps not p r im a r ily  a zone sh ie ld ing  mechanism, an 
im p o r t a n t  a d d i t io n a l  fo rm  o f  to u g h e n in g  may r e s u l t  fro m  th e  
p la s t ic i ty  associated w ith  the crack t ip  in  m a te ria ls  which e x h ib it  
e la s t ic -p la s t ic  c o n s titu t iv e  behavior. In p a r t ic u la r ,  th is  e f f e c t  is 
re la te d  to the non proportiona l s tra in in g  o f  m a te ria l near the crack 
plane o f  a growing crack, compared to the predominantly proportional 
p la s t ic  s t ra tn tn g  o f  m a te r ia l elem ents  near a s t a t io n a r y  c ra c k . 
A nalysis o f  the deformation f ie ld  tra v e lin g  w ith  an advancing plane- 
s tra in  crack has been attempted and the fu nc tio na l form o f  the near 
t ip  crack p r o f i le  revealed fo r a e la s t ic -p la s t ic  so lid  ( 7 5 ,7 6 ).  I t  is  
shown th a t ,  neg le ctin g  any la rg e -s c a le  crack t ip  geometry changes, 
whereas the s tra in s  decay as 1/ r  ahead o f  a s ta tio n a ry  c rac k , fo r a 
moving c r a c k , th e  s t r a in  s in g u la r i t y  is  w eaker, d ecay ing  as a 
fu n c t io n  o f  l n ( I / r ) .  T h is  e f f e c t  th e re fo re  n e c e s s a r ily  le ad s  to
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c h a ra c te r is t ic  res is tance curve behavior and sta b le  crack growth fo r  
i n i t i a l  crack extension.
1 .6 .  CONTACT SHIELDING
1 .6 .1 .  In tro d uc tio n
Contact sh ie ld in g  Involves physical contac t between mating crack 
su rfaces, e i th e r  d ir e c t ly ,  through the presence o f  fra c tu re  surface 
a s p e r itie s  or w ith  f ib e rs  in  a composite, o r through the presence o f  
an ex tern a l medium, such as with corrosion debris or the en try  o f  a 
f lu id .  The p rin c ip a l mechanisms o f  such contact are through wedging 
ins ide the crack, bridg ing  across the c rac k , s l id in g  between crack 
surfaces and combinations o f  these modes. In g en e ral, since the 
degree o f  sh ie ld in g  w i l l  be la rg e s t when the ex ten t o f  crack opening 
is  comparable w ith  the s ize  o f  t N  contacting  e n t i t y ,  in  co n tras t to 
zone s h ie ld in g ,  c o n ta c t s h ie ld in g  is  enhanced a t  low s tre s s  
in te n s it ie s  where the crack t ip  opening diplacements are sm alles t. 
F u rth e rm o re , where wedging is  in v o lv e d , a lthough  s ig n i f i c a n t  
sh ie ld in g  can be achieved under c y c lic  lo a d in g, the e f fe c t  under 
monotonic loads may be q u ite  d if fe r e n t  and lead  to lo c al increases in  
the crack t ip  "d riv in g  fo rc e " , i . e .  to a n t i-s h ie ld in g .
1 .6 .2 .  Wedging
Corrosion debris-induced crack c losure : I t  is  now re a lize d  th at
in so luble  corrosion products formed w ith in  slowly growing cracks 
exposed to  a c t iv e  environm ents can s i g n i f i c a n t ly  a f f e c t  t h e i r  
subsequent crac k  e x te n s io n  r a te s .  T h is  occurs by a m echanical 
wedging ac tion  which can e i th e r  promote susta ined-load cracking or 
re ta rd  cracking  under c y c lic  loads where the size o f  the products 
becomes comparable w ith  the crack t ip  opening displacements (7 7 ,7 8 ).  
The la t t e r  sh ie ld in g  phenomenon, termed oxide-induced crack closure , 
causes a reduction in the lo c a l stress in te n s ity  range through an 
e f fe c tiv e  increase in  Kmin, and has been found to have s ig n ific a n t  
e f fe c ts  on fa tig u e  crack growth a t  very low, near-th resho ld  stress  
in te n s it ie s . Notable examples are where crack surface oxides and 
calcareous deposits are formed during  corros io i. fa t ig u e  in  s tru c tu ra l  
s te e ls  te s te d , re s p e c tiv e ly , in  moist a i r  and sea water (7 9 ,8 0 ).
The concept o f  s h ie ld in g  by o x id e -in d u c e d  crac k  c lo s u re  in  
fa t ig u e  can be simply modelled by considering  the excess corrosion  
depos it as a r ig id  wedge, o f  thickness s comparable w ith  the crack 
opening displacem ent, extending along the crack length a d istance ZH 
behind the crac k  t ip  ( 8 1 ) .  Assuming o n ly  a m echanical c lo s u re  
phenomenon a r is in g  from th e  wedge nnd ig n o rin g  h y s te re s is  and 
in e la s t ic  e f fe c ts , the re s u lta n t s tress in te n s ity  a t  the crack t ip  
due to  the wedge is  given by:
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Km =  L L --------
R 4(1 -  v2 ) M
(1 .1 9 )
Note from Eqn. 1.19 th a t deposits In  the immediate v ic in i ty  o f  the 
crack t ip  have a dominating influence in the development o f  sh ield ing  
by th is  mechanism.
During a fa tig u e  c y c le , contact between the crack surfaces w il l  
occur on u n lo ad in g  when th e  - t r e s s  in t e n s i ty  reaches a va lu e  
Kr = Kc ] ,  re fe r r e d  to  as the c lo s u re  s tre s s  in t e n s i ty .  Using  
co n v en tio n a l f a t ig u e  te rm in o lo g y , th e  " d r iv in g  fo rc e "  fo r  crack  
advance is  reduced from the nominal AK to an e f fe c tiv e  va lue , given 
by:
provided the excess oxide thickness exceeds the minimum crack opening 
displacement imposed by the fa tig u e  c y c le . In terms o f  the general 
nomenclature used in the present review (Eqn. 1 .4 ) ,  AKef f  = AKtip, 
w ith the sh ie ld in g  stress in te n s ity  given by:
Contact sh ie ld in g  during fa tig u e  crack growth from crack closure  
Induced by th e  fo rm atio n  o f  crack  su rfa c e  c o rro s io n  d e p o s its  is  
promoted by a) small crack t ip  opening displacements ( i . e .  a t  low 
stress In te n s ity  ranges), comparable w ith  the s ize  o f  the d eb ris , b) 
low load r a t io s , which f a c i l i t a t e  f r e t t in g  between the crack w alls  
through small crack t ip  opening displacements, c) h ig h ly  ox id iz in g  
media, which generate excess corrosion d eposits , d) rough frac tu re  
su rfaces, which a t V-w AK le ve ls  again f a c i l i t a te s  f r e t t in g ,  and e) 
lower strength m a te ria ls , where again the exten t o f  corrosion debris  
is  enhanced due to  g re a te r f r e t t in g  (8 2 ).
As wedge sh ie ld in g  is  only re levan t where the s ize o f the wedge 
and the crack opening displacements are comparable, oxide-induced  
crack closure is  most e f fe c tiv e  during fa tio u e  crack propagation a t  
near-thresho ld  le v e ls , ty p ic a lly  below 10"= m /cyc le . For example, 
n e a r - th re s h o ld  fa t ig u e  crac k  growth ra te s  a t  low load r a t io s  in  
stru c tu ra l s te e ls  are s ig n if ic a n t ly  fa s te r  in dry helium gas, and 
slower in  water or steam, compared to behavior in  room a i r  (8 2 ) . This 
su rp ris in g  e f fe c t  can be p r im a r ily  a t tr ib u te d  to  the generation o f  
th ic k e r oxide f ilm s , and hence g rea ter s h ie ld in g , fo r tes ts  in the 
o x id iz in g  en v iro n m ents . No such e f f e c t  is  ap p aren t a t  h igh  load
= Kmax " Kcl ( 1. 20)
Kcl " Kfflin 
0
(Kcl > Kfliin)
(KC1 5 W  (1 .2 D
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ra t io s  or a t  higher AK le v e ls . In such lower strength  m a te r ia ls , the 
th ickness o f  these film s  can be fa r  la rg e r  than the n atu ra l lim it in g  
oxide thickness due to  f r e t t in g  oxida tio n  between the crack w a lls .  
The accumulation o f  debris here a r ise s  from a continual breaking and 
reform ing o f  oxide scale  due to repeated contact and in e la s tic  Mode
I I  displacements between the crack surfaces.
Aside from i ts  con trib u tio n  to the ro le  o f  environment and load 
r a t io  in  in flu en c in g  near-th resho ld  behavior, contact sh ie ld in g  from 
o x id e -in d u c e d  c lo s u re  a ls o  r e s u lts  in  a s tro n g  e f f e c ts  o f  y ie ld  
strength  on AKfH va lues, as oxides film s  are enhanced in lower 
strength  m a te r ia ls . However, w ith  s te e ls  o f  h igher te n s i le  strength  
and in  th e  m a jo r i t y  o f  aluminum a l lo y s ,  the degree o f  f r e t t in g  
o x ida tio n  appears much reduced, w ith  the re s u lt  th a t ,  except in  very  
o x id iz in g  environments, the thickness o f  the oxide film s  remains 
sm all compared to  the crack t ip  opening displacements such th a t the 
c o n trib u tio n  to sh ie ld in g  from th is  mechanism becomes n e g lig ib le  
(8 2 ) .
Frac ture surface roughness-induced crack c lo su re : A more general
source o f  contact sh ie ld in g  during c y c lic  crack growth a r ise s  from  
the wedging ac tion  o f  fra c tu re  surface a s p e r i t ie s , where crack t ip  
opening displacements are small and where s ig n if ic a n t  Mode I I  crack 
t ip  shear displacements occur (2 3 ,8 3 -8 5 ) . Such roughness-induced 
fa t ig u e  crack closure is  thus most e f fe c t iv e  a t  near-threshold  stress  
in te n s it ie s , p a r t ic u la r ly  where the crack path morphology can be made 
tortuous and lo c a lly  mixed-mode by frequent crack d e f le c t io n . Such 
i r r e g u l a r  c ra c k  p r o f i l e s  a r e  prom oted  in  c o a rs e  p la n a r  f l i p  
m a t e r ia ls ,  e . g . ,  in  co h e ren t p a r t i c le  hardened systems sucn as 
underaged aluminum aK oys and c e rta in  Nl-based superalloys where a 
faceted  cry s ta llo g ra p h ic  mode o f crack growth is  o ften  observed a t  
low AK le v e ls , and in  duplex m ic ro s tru c tu re s , e . g . ,  in  dual-phase 
ste e ls  and a /S  titan iu m  a llo ys  where a meandering crack path can be 
achieved through frequent d e fle c t io n  a t  the harder phase (8 2 ).
The concept o f  sh ie ld in g  by roughness-induced closure arises  
from th e  p rem ature c o n ta c t o f  f r a c tu r e  s u rfa c e s  a s p e r i t i e s  on 
unloading due to mismatch from the Ir re v e rs ib le  nature o f in e la s tic  
crack t ip  displacements and s l ip -s te p  oxidaitlon . The ex ten t o f  
wedge sh ie ld in g  thus depends upon the degree o f fra c tu re  surface  
roughness and the ex ten t o f  Mode I I  crack t ip  displacem ents. For 
ex am ple , from s im p le  tw o -d im en s io na l g eo m e tr ic  m o d e llin g  o f  the  
process, the closure stress in te n s ity  a t  the po in t o f  f i r s t  a s p e rity  
contact has been given as (2 3 ):
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where y  is  a measure o f  s u rfa c e  roughness taken  as the r a t io  o f  
heigh t h to width w o f  a s p e ritie s  and X is  the ra t io  o f  Mode I I  to  
Mode I crack t ip  displacem ents. Although only a f i r s t  order model, 
experim ental re s u lts  in a range o f  ferrous and non-ferrous a llo ys  
have been found to  be in  reasonable agreement w ith  th is  re la t io n s h ip .
Contact sh ie ld ing  during fa tig u e  crack growth from roughness- 
induced closure is  s im ila r ly  most e f fe c tiv e  a t  low stress in te n s ity  
ranges. I t  is  promoted by a) small crack t ip  opening diplacem ents, 
comparable w ith  the s ize  o f  the a s p e r i t ie s , b) low load ra t io s , again  
to minimize crack t ip  opening, c ) in e la s tic  crack t ip  deformation and 
o x id a t io n  o f  s l lp - s t e p s ,  which can lead  to  a mismatch o f  m ating  
portions o f  the crack surfaces on un loading, d ) small p la s t ic  zone 
s iz e s , o f  order o f  grain  s iz e , which encourages s in g le  shear (Stage 
I )  mechanisms o f  crack advance, e) coarse-grained m a te ria ls  and 
m icrostructu res hardened w ith  coherent shearable p re c ip ita te s  capable 
o f  in d u c in g  c o a r s e  p la n a r  s l i p ,  w h e re  c r a c k  p a th s  a r e  
c ry s ta llo g ra p h ic , and f )  crack d e fle c tio n  mechanisms, induced by 
s t r e s s - s t a t e ,  e n v iro n m e n t , d u p le x  m ic r o s t r u c t u r e s  and lo a d  
excursions, where crack paths may be h ig h ly  n o n linear.
Roughness-induced cra c k  c lo s u re  has been found to  p la y  a 
s ig n if ic a n t  ro le  in  in flu en c in g  fa t ig u e  crack growth in a wide range 
o f  m a te r ia ls . For example, the b e n e fic ia l e ffe c ts  in reducing near­
threshold  crack growth ra tes {a t  low load ra t io s )  o f  coarse grain  
s iz e s  in  f e r r i t i c  s te e ls  and t ita n iu m  a l lo y s  ( 8 6 ) ,  underaged or 
p la na r s l ip  m icrostructures in  p rec ip ita tion -harde ne d  aluminum and 
n ickel-based a llo y s  (8 7 ) ,  and dual phase m icrostructures in s te els  
and a /6  t ita n iu m  a l lo y s  ( 8 8 ,8 9 ) ,  have been d i r e c t ly  tra c e d  to  
enhanced s h ie ld in g  from rougher f r a c tu r e  s u r fa c e s . The la r g e s t  
e f fe c ts , however, are seen in  duplex m ic ro stru c tu re s , as shown by the 
re s u lts  fo r  duplex f e r r i t ic -m a r te n s it lc  s tru c tu re s  in  low carbon 
s t e e ls  ( 9 0 ) .  By m o d ify in g  th e  p r o p o r t io n  and p r im a r i l y  th e  
m orphology o f  the two phases by i n t e r c r l t i c a l  h e a t- t re a tm e n t ,  
s i g n i f i c a n t  d e f le c t io n  o f  the crac k  path can be a c h ie v e d , w ith  
corresponding la rge Increases in closure { i . e . ,  Kci/Kniax approaching
0 . 9 ) .  The re s u lt  fo r  Fe-2S1-0.1C and A IS I 1008 s te e ls  is  threshold  
AKjh  va lues o f  a p p ro x im a te ly  20 M P a / i w ith o u t loss in  s t re n g th ,  
thought to  be the la rg e s t thresholds reported to  date fo r  a m e ta llic  
m a te r ia l ( 9 0 ) .  However, c o n s is te n t  w ith  e x t r in s ic  toughening  
mechanisms, crack in i t ia t io n  resis tance (evaluated  in terms o f  the 
fa t ig u e  l im i t )  was not s im ila r ly  enhanced.
In  th e  p re s e n t In v e s t ig a t io n ,  th e  e f f e c ts  o f  both forms o f  
wedging mechanisms, nam ely , o x id e -  and roughness-induced  crack  
c lo su re , are examined on in flu en c in g  the fa tig u e  crack propagation 
behavior in several classes o f  s tru c tu ra l pressure vessel s tee ls  
(2 .2 5 C r - lM o , 3 C r- l.5 M o  and a Mn-Mo-NI s t e e l ) under d i f f e r e n t  
environmental co n d itio n s . The re s u lts  o f  these stud ies are reported  
in  Chapter 2 .
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1 .6 .3 .  Bridging
Crack b r id g in g  Is  most p rom inent in  w h is k e r-  and f ib e r -  
re in fo rced  composites where the m atrix  f a i l s  leav ing  a region o f  
unbroken f ib e rs  spanning the crack wake; the in ta c t  f ib e rs  ac t as 
bridges and in h ib i t  crack opening. Such sh ie ld in g  Is  promoted In 
ceram ic-m atrix composites where in te rfa c e  debonding occurs, i . e . ,  
where the f ib e r s  are s tro n g  but th e  in t e r f a c ia l  shear s tre n g th  
between f ib e r  and m atrix is  weak. This to p ic  has been ex ten sive ly  
studied by Evans ( I ) .
Understanding o f  the ro le  o f  crack bridg ing  In in flu en c in g  the 
f ra c tu re  and fa tig u e  o f m e ta l-m atrlx  composites 1s considerab ly less  
advanced. This is  in p art because many such composites are designed 
w ith  strong f ib e r /m a tr ix  in te rfac es  and thus do not develop crack 
b rid g in g  to  any s ig n i f i c a n t  d eg re e . An e x c e p tio n  is  a la m in ate d  
a lum inum  a l l o y  c o m p o s ite  bonded t o g e t h e r  by an a r im id  f i b e r  
r e in fo rc e d  a d h e s iv e . S ince the s tre n g th  o f  the la m in a te /m a tr ix  
in te rfa c e  is  com paratively weak, crack propagation in  these hybrid  
a l lo y s  is  impeded both by d e la m in a tio n  a lo ng  the in t e r f a c e  and 
consequent b ridg ing  o f  the unbroken lam inated sheets (9 1 ) .
1 .6 .4 .  S lid in g
S lid in g  crack surface in te rfe re n c e : A prominent c h a ra c te r is t ic  o f
non-Mode I crack growth is the in te ra c tio n  ( i . e . ,  rubbing) between 
s lid in g  crack surfaces. This phenomenon has been shown to be a very 
potent sh ie ld in g  mechanism during fa t ig u e  crack growth in Mode I I I  
(a n t i-p la n e  sh e ar), i . e . ,  in  to rs io n a lly -lo a d e d  samples, where i t  is 
re fe rre d  to as s l id in g  crack surface in te rfe re n c e  or to rs io n a l crack 
c lo s u re  ( 9 2 ,9 3 ) .  Mechanisms o f  in te r fe r e n c e  In v o lv e  f r i c t i o n ,  
a b rasion , f r e t t in g  debris formation and in te r lo c k in g  o f  fra c tu re  
surface a s p e r i t ie s , enabling the broken portion  o f  the specimen to 
c a rry  a portion  o f  the applied  torque. I t  fu rth e r  leads to heating  
o f  the specimen and obstruction  o f  frac tographic  d e t a i ls .  Since th is  
mechanism acts to oppose e q u a lly  both the "opening" and “closing" o f 
the crack, s im ila r  to bridg ing  mechanisms, the e f fe c t  in fa tig u e  is 
to^ reduce the range o f  lo c al "d riv in g  fo rc e " , a t  a constant mean
1 .6 .5 .  Combined Hedging Plus Bridging
F lu id  pressure-induced crack c losure : Contact sh ie ld in g  can also
occur in  l iq u id  environments through the hydrodynamic ac tion  o f  f lu id  
w ith in  the crack ( f lu id  pressure-induced crack c lo s u re ). Due to the 
approaching v e lo c ity  o f  the crack w a lls , such f lu id s  can generate an 
in te rn a l f lu id  pressure, which acts as a wedge to oppose the c lo s in g , 
and to  a le s s e r  e x te n t  as a b rid g e  to  oppose th e  o p en in g , o f  the 
crack under c y c lic  loading (9 4 ,9 5 ).  The mechanism has been shown to 
be im portant during fa t ig u e  crack propagation 1n o i l  environments, 
e . g . ,  fo r r o l l in ';  contact fa tig u e  in lu b ric a ted  bearings, where the 
ra te  o f  crack growth, a t  fixe d  nominal AK, becomes a function  o f  the
kinem atic v is c o s ity  o f  the o i l .
1 .7 .  COMBINED ZONE AMD CONTACT SHIELDING
1 .7 .1 .  P la s tic ity - In d u c e d  Crack Closure
The o r ig in a l concept o f  crack c lo su re , an described by Elber 
(9 C ) , was considered to a r is e  from the e la s tic  co n s tra in t o f  m ateria l 
surrounding the p la s t ic  zone enclave in  the wake o f  the crack t ip .  
C rack wake m a te r ia l e lem e nts  had p re v io u s ly  been p la s t ic a l l y  
stretched a t  the t ip .  Closure then re su lted  from in terfe ren ce  between 
crack surfaces due to the m is fi t  s t ra in s . Such sh ie ld in g  induced by 
c y c lic  p la s t ic i ty ,  which has been described a n a ly t ic a l ly  (34 ) and 
num erica lly (9 7 -9 9 ) , is  gen e ra lly  considered to be more p revalent 
under plane stress conditions and in  thus more s ig n if ic a n t  a t  higher 
stress in te n s ity  le v e ls .
1 .7 .2 .  Phase Transform ation-Induced Crack Closure
The s tre s s - or s tra in -in du c ed  phase transform ation  o f  m ateria l 
surrounding a crack, analogous to transform ation  toughening reviewed 
in  section  1 .5 .2 , can produce an ad d itio n a l cracK closure mechanism. 
Examples o f  m a te ria ls  in  which th is  e f fe c t  may occur inc lude shape 
memory a l lo y s  and m e ta s t a b le  s t a in le s s  s t e e l s .  H e r e , i f  th e  
transform ation  from an a u s te n it ic  to  m a rte n s itic  phase, which occurs 
lo c a lly  in the region o f  the crack t ip ,  involves a p o s itiv e  volume 
change, the co n s tra in t o f  the surrounding m a te ria l w il l  place such 
regions under compression. In ad d itio n  to the expected zone sh ie ld ing  
which may then a r is e  (se ction  1 . 5 .2 ) ,  enhanced crack closure e ffe c ts  
are also  expected during fa t ig u e  crack propagation as a re s u lt  o f  the 
re d u c e d  c ra c k  o p e n in g  d is p la c e m e n ts  a s s o c ia te d  w ith  th e  
transform ation  s tra in s . However, the e f fe c t  in  fa tig u e  has not been 
c a re fu lly  documented, nor analyzed fo r  the more r e a l is t ic  case where 
deform ation involves s ig n if ic a n t  d e v ia to r ic  s tra in s  under c y c lic  
loading cond itions.
1 .8 .  CONCLUDING REMARKS
The mechanisms o f  In t r in s ic  and e x tr in s ic  toughening have been 
discussed, p a r t ic u la r ly  w ith  regard to  the potent crack t ip  sh ie ld ing  
th a t  may d e r iv e  from the l a t t e r .  A lthough some mechanisms o f  
e x tr in s ic  sh ie ld in g  have long been known to  operate during fa tig u e  in 
m e ta llic  a l lo y s , th e ir  f u l l  p o te n tia l has on ly re c e n tly  been re a lize d  
w ith  the development o f  an impressive range o f  advanced m ateria l 
systems, p a r t ic u la r ly  in the area o f  ceramic and composite m a te r ia ls , 
which re ly  on mechanisms o f  e x tr in s ic  sh ie ld in g  to  enhance tougnness. 
These m a te ria ls  now have the c a p a b il ity  o f  o f fe r in g  a unique set o f  
p ro p ertie s  commonly not a v a ila b le  in  more t ra d it io n a l m a te ria ls .
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Figure 1 ,
ZD
Schematic Id e a liz a t io n  o f  m icroscopic fra c tu re  c r i te r ia  
p erta in in g  to (a ) c r i t i c a l  s tre s s -c o n tro lle d  model for 
cleavage fra c tu re  (RKR), and (b ) s tress -m od ified  c r i t i c a l  
s t ra in -c o n tro lle d  model fo r m icrovoid coalescence. Such 
m odels  p r o v id e  a m ic ro -m e c h a n ic a l d e s c r i p t io n  o f  
in t r in s ic  toughness, o f and e? are the c r i t i c a l  frac tu re  
s t r e s s  and c r i t i c a l  e q u iv a le n t  p l a s t i c  s t r a i n ,  
re s p e c tiv e ly , and to  the c h a ra c te r is t ic  d is tance .
29
EXTRINSIC TOUGHENING MECHANISMS
I. CRACK DEFLECTION AND MEANDERING _
2. ZONE SHIELDING
—  Ironsform otion ioughsning
—  mlcrocrock toughening
—  crack woke p lastic ity
—  crock field void formation
—  residual stress fields
—  crock tip  dislocation shielding
3. CONTACT SHIELDING
—  wodgingi
corrosion debris-induced crock closure 
crock surface roughness-induced closure
—  bridging:
ligament or fiber toughening
—  sliding:
sliding crock surface interference
—  wedging + bridging:
fluid pressure-induced crock closure
4. COMBINED ZONE AND CONTACT SHIELDING
—  p lo s tic ity -ln du ced  crock closure
—  phase transformation-induced closure
Figure 1.2 Schematic represen tation  o f  the classes and mechanisms o f  
c ra c k  t i p  s h i e l d i n g .  Such p ro c e s s e s  im pede c ra c k  
propagation by lo c a lly  reducing the "crack d riv in g  fo rce ".
MONOTONIC CYCLIC
LOADING LOADING
&K constant, R reduced
Kr increased tiK reduced, Hincriwied ( (
Bridging j
ond Slldingi . t  ..
Kj reduced AK reduced, R i.icreased
Wedging *
and Bridging: — !—
Kj Increased 6K reduced, R Increased
F igure 1 .3  E ffe c t o f  s p e c ific  crack t ip  sh ie ld ing  mechanism o f  the 
"crack d r iv in g  fo rc e '', e .g . ,  the stress in te n s ity  K j, and 
crack v e lo c ity , v , under monotonic and c y c lic  loading.
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F igure 1 .4  The m odified crack t ip  stress f ie ld s  in  the presence o f  a 
transform ation  zone assuming (a ) th a t the f ie ld  outside 
the zone is  not m odified by the zone, and (b) inc lud ing a 
possible reduction  o f the f ie ld  outs ide the zone due to 
the presence o f the zone.
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Tip Stays Sharp
- b r it t le  materials 
(e .g ., some metals 
and ceramics)
:  *  Kt ip  ‘  K,
- ductile materials 
(e .g ., metallic alloys 
and ceramics at high T)
- microcracking
- void formation
Npp "'blunt *  \
» «;5p - ■>,>
lvapp degraded r
Change In Crack Tip Material
* Interception of second
app 2nd phase
Figure 1 .5  Deformation mechanisms occurring  In  the v ic in i ty  o f  the 
crack t ip  may re s u lt  in  m o d ifica tions to the crack t ip  
geometry or the in t r in s ic  toughness. Possible scenarios 
include (a ) the crack remaining a to m ic a lly  sharp, (b ) 
b lu n t in g  o f  th e  c r a c k  t i p ,  ( c )  d e g r a d a t io n  o f  th e  
in t r in s ic  toughness, and (d ) changes o f  the in t r in s ic  
toughness due to  phase transform ation  or the in terc ep tio n  
o f  second phases.
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Extended zone
0
Figure 1.
In itia l zone
Aa/H
6 V a r i a t i o n  o f  s h i e l d i n g  w i t h  e x t e n s i o n  o f  th e  
transform ation  zone in to  the wake o f  a sta b ly  advancing 
crack showing the i n i t i a l  fro n ta l zone and the steady- 
sta te  zone. R-curve behavior fo r  In term ed ia te  zone sizes  
is  p red ic ted .
t l
I
SURFACE CRACK
CRACK LENGTH (pm)
Figure 1 .7  R-curves fo r a MgO-PSZ m a te r ia l. Curves in d ic a tin g  data 
fo r "sm all" surface cracks and "la rge" cracks in double 
c a n t i le v e r  beam te s ts  are  compared to  th e o r e t ic a l  
p red ic tio n s .
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(a ! (b)
Figure 1 .8  Crack t ip  d is lo c a tio n  co n figurations In d ic a tin g  (a )  a 
screw d is lo c a tio n  o f f  the symmetry plane o f  the crack, 
and (b ) a c ir c le  o f  2N -  1 d is lo ca tion s  around the crack 
t ip .
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CHAPTER 2:  FATIGUE CRACK PROPAGATION BEHAVIOR IM PRESSURE 
VESSEL STEELS FOR HIGH PRESSURE HYDROGEN SERVICE
ABSTRACT
The fa tig u e  cirack propagation behavior o f  heavy-section  
pressure vessels s te e ls  1s review ed, w ith  s p e c ific  emphasis 
on a l lo y s  commonly u t i l i z e d  f o r  high  p res su re  hydrogen 
s e rv ic e . Ex is tin g  data has been surveyed and new data are 
p re s e n te d , fo r  both base p la te  and w e N m en ts , on crac k  
growth in  s te e ls  exposed to  in  s i t u  gaseous hydrogen 
environments, whero hydrogen em brittlem ent is  the p rin c ip a l 
concern, and a f te r  p r io r  exposure to  high pressure/high  
temperature hydrogen environments, where hydrogen a ttack  
becomes c r i t i c a l . I t  is  shown th a t a t  the lower growth 
ra te s , where the m a jo r ity  o f  fa tig u e  l i f e  is  obta ined , the 
In fluence o f  hydrogen on crack growth rates may In c e rta in  
cases be s u r p r is in g ly  s m a ll , a r e s u lt  which appears to  
o r i g i n a t e  from  th e  m u t u a l ly  o f f s e t t i n g  e f f e c t s  o f  
environmental damage and Increased crack t ip  sh ie ld in g . 
Such s h ie ld in g ,  which reduces the lo c a l “crac k  d r iv in g  
fo rc e " , may ar is e  from fra c tu re  surface corrosion deb ris , 
h ea v ily  de fle c ted  crack paths and compressive zones around 
the crack t ip  (due to  d ila t io n  Induced by methane bubble 
fo rm ation ).
2 .1 . INTRODUCTION
Economical la rg e -s c a le  coal conversion processes requ ire  the use 
o f  e x tre m e ly  la r g e ,  t h lc k -s e c t io n  p res su re  v e s s e ls , capab le  o f  
containing  m echanically and chem ically h o s t ile , hydrogen-containing  
env ironm ents a t  high tem p e ra tu res  and p ressures ( 1 ) .  M a te r ia l 
requirements fo r  such ap p lica tion s  Invo lve tough, weldable s te e ls ,  
w ith  s u f f i c i e n t  h a r d e n a b i l l ty  to  m a in ta in  u n ifo rm  p ro p e r t ie s  
throughout p la te  thicknesses up to  300-400 mm, y ie ld  strengths in 
excess o f 350 MPa, and s u f f ic ie n t  creep, fa t ig u e  and environmental 
degradation resis tance to withstand hydrogen (+ HgS) atmospheres a t  
gas pressures o f  ty p ic a lly  20 MPa and temperatures up to  550°C /1 - 3 ) .  
In recent ye ars , several low a llo y  s te e ls  have been Id e n t if ie d  a 
candidate m a te ria ls  fo r such a p p lic a tio n s , inc lud ing  ASTM A387, A54Z 
and A533B, and 3Cr-Mo s te e ls . S treng th , d u c t i l i t y ,  toughness and 
creep p roperties  o f these m a te ria ls  are g en e ra lly  well documented 
( e .g . ,  r e fs . 1 - 5 ) ,  although data on the resis tance to  fa tig u e  crack 
propagation are not commonly a v a ila b le .
To meet t h is  need, s tu d ie s  in  re c e n t years  have focused on 
examining the mechanics and mechanisms o f  crack growth in stru c tu ra l 
a l lo y s , s p e c if ic a l ly  w ith  respect to  the ro les o f  low temperature
damage from hydrogen em brittlem ent and high temperature/pressure  
damage from hydrogen attac k  ( 6 -1 4 ) .  Studies have concentrated on 
examining behavior a t  lower growth ra tes (down to % I0 " 11 m /c y c le ), 
as th is  regime dominates o v e ra ll l i f e  in  d e fe c t -to le ra n t  li fe t im e  
c a lc u la t io n s .  In  the p re s e n t s tu d y , new d ata  on f a t ig u e  crack  
propagation in  experim ental pressure vessel s te e ls  and weldments are 
p re s e n te d  and co m p a r'''* w ith  e x i s t i n g  r e s u l t s  on a num ber o f  
com m ercial s te e ls  whit, ‘‘ave been co n s id ere d  f o r  h igh p ressure  
hydrogen s e rv ice . The study th ere fo re  severs as a compendium o f  the 
fa tig u e  properties c f  these m a te ria ls  under selected environmental 
conditions.
More Im p o rtan tly , how, , the in v e s tig a tio n  e lucida tes the 
ro les o f  in t r in s ic  and ex ic  toughening e ffe c ts  during crack 
growth in  a m e ta llu rg ic a lly  mure tra d it io n a l m e ta llic  a l lo y  system. 
Consistent exp lanations o f  both new and e x is tin g  data is  demonstrated 
using these concepts. I t  is  shown th a t the detrim enta l e f fe c t  o f  
hydrogen environments in a c ce le ra tin g  fa t ig u e  crack advance is  o ften  
reduced a t  lo w e r growth r a te s ,  due p r im a r i ly  to  the re ta rd in g  
in fluence o f  crack t ip  sh ie ld in g  (1 5 ,1 6 ),  Such s h ie ld in g , which 
re s u lts  in  the crack t ip  experiencing a reduced lo c a l "d riv in g  force" 
( i . e . ,  a lower n e a r - t ip  AK), acts to o f fs e t  m icrostructu ra l damage 
from environmental a tta c k .
2 .2 .  EXPERIMENTAL PROCEDURES
The s te e ls  inv es tiga te d  were selected to provide a wide range o f  
response to varying te s tin g  conditions and hydrogen environments. 
M ateria ls  from e x is tin g  studies inc lu d -d  several classes o f  2.25C r-  
IMo s te e ls  (ASTM designations A387 Class 2 Grade 22 , A542 Class 2 and 
A542 C lass 3 ) ,  and a Mn-Mo-Ni ( ASTM d e s ig n a tio n  A533B C lass 2 )  
nuclear pressure vessel s t e e l . Data from the weld and h ea t-a ffe c te d -  
zone (HAZ) regions o f  a th ic k -s e c tio n  A387-2-22 steel weldment are  
also  included. New data is  presented on one commercial (Japanese 
Steel Works, JSW) and two experimental (3C r-1.5M o-0.2V  and 3Cr-1.5Mo) 
3Cr-Mo pressure vessel s te e ls . In a d d it io n , the fa tig u e  p roperties  o f  
the weld and HAZ regions o, th ic k -s e c tio n  JSW and 3Cr-1.5Mo steel 
weldments were also  assessed. The m a te r ia ls , together with th e ir  
chemical composition and ambient temperature mechanical p ro p e rtie s , 
are  l is t e d  in  la b le s  I  and I I ,  r e s p e c t iv e ly .  D e ta i ls  o f  hea t 
treatm ents and m icrostructures are presented in  Table I I I .
F a tig u e  crac k  p ro p ag a tio n  ra te s  were measured using  e i th e r  
manual or computer c o n t r o lle d  d ec rea s in g  ( lo a d  shedd ing ) or 
Increasing  stress In te n s ity  range techniques on 10 -12 .5  mm th ick  
compact te n s io n  C (T) specimens machined p r in c ip a l l y  in  th e  T -L  
o r ie n ta tio n . Fatigue data are presented in  the form o f  crack growth 
ra te  per cy c le , da/dN, as a function  o f  the nominal stress in te n s ity  
range, AK. Tests were conducted a t  frequencies between 1 and 500 Hz 
(p r im a r ily  a t  50 Hz) on e le c tro -s e rv o -h y d ra u lic  te s tin g  machines in
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tem peratu re-con tro lled  environments o f  moist la b orato ry  a i r  (30$ 
re la t iv e  hum id ity) and dehum idified gaseous hydrogen (138 kP a).
Crack lengths were continuously monitored using d .c . e le c tr ic a l  
p o te n t ia l  te c h n iq u e s , whereas the e x te n t  o f  crack c lo s u re  was 
assessed using  a b a c k -fa c e  s t r a in  com pliance method. The s tre s s  
in te n s ity  a t  crack c lo su re , Kci , was ca lc u la ted  a t  the po int o f  f i r s t  
crack surface contact during unloading by d e fin in g  the d ev ia tio n  from 
l in e a r i ty  o f  the e la s t ic  compliance curves (1 3 ) .  Closure •.'slues were 
computed in  s i tu  d u rin g  the t e s t in g  p rocedure using  h igh speed 
comcuter data a c q u is ' • • s ;.<2 con tro l equipment. Based on such d a ta , 
t h  ; •'"ective (n e a --; • :  "ng fo rc e " , AKe f f ,  lo c a lly  experienced
a:- ■ • "rack t ip ,  -.r;,,uyed as Kmax -  Kci , where Kc  ^ >
( ; . ... id rat1>;; • were maintained in  the range 0.05
'• ■ v: w ith  "  ‘ . . f  j-'o lc Sts :ss in te n s ity  range, AKyn, below
•1 ‘ . i-  s ar - -.'itiu.iitd dormant, defined a t  a max^ium growth ra te
, ,  ;i. ‘ i i  ir y c l.
P re v  - ' ;.t5 in gaseous hydrogen environments were conducted
using an 't . sealed chamber, le g a lly  clamped to the te s t p iece. 
Gas p u r ity  i-’. :=i»i)erature were preserved by means o f an extensive  
p u rtfic a tiv T i ;->.n tei-iperature c ontro . system (1 4 ) .  In the present
stu(l,v, p r io r  m ic ro stru ctu ra l damage in the form o f hydrogen attack  
was ficMcvdd fry prolonged exposure o f oversized specimen blanks to 
gaseous h.ydvogen in  high pressure au toclaves. Various combinations o f  
t'fme, temperature and hydrogen pressure vore selected  fo r the A387-2- 
2-' and :he AfCiiB s te e ls  (1 3 ),  tmd the 3Cr-ho and JSW s te e ls , and are 
l i s W  m Table IV . Followiiij! exposure, the m a te ria l was held a t  
200°C  fo r  24 hours to  e l im in a te  the e f f e c ts  o f  any r e v e rs ib le  
hydrogen em brittlem ent caused by dissolved atomic hydrogen. Further 
experim ental d e ta i ls  are described elsewhere (1 3 ,1 4 ).
As an in d ic a tio n  o f  the e ffe c t o f the m icrostructu ra l damage on 
m a te r ia l toughness, d u c t i le  to b r i t t l e  t r a n s it io n  curves were 
determined using Charpy V-notch impact toughness te s ts . Specimens 
were tested a t  temperaty?ez ranging from -78°C to 100°C. In a d d itio n , 
plane s tra in  fra c tu ra  toughness te s ts  to determine Jp(Aa) resistance  
curves were conducted using 20% sid e -g ro ov s j, 25 mm th ic k , compact 
C(T) te s tp ie c e s . Crack In i t ia t io n  t„ughne:s v-as  estim ated from J ic  
(= Ki c2/E ' )  va lu e s , 1-s accordance w ith  re v is io n  33-3 o f  ASTti Standard 
£813-83, where E' (= C /( l - v 2 )  is  the e ffe c tiv e  Young's modulus for  
plane s tra in  and v is  Poisson's r a t io .
Fa tigue crac k  p ro p ag a tio n  s tu d ie s  in  the HAZ re g io ns  were 
conducted by growing cracks p e rp e n d ic u la r ly  through the HAZ a t  
constant 6K = l p MPa/n in the JSW and 6K = 12 MPa/m in  the 3Cr- 
1.5Wo _ te e l w eldm ents, C (T) specimens were cu t from a p p ro p r ia te  
lo cations in  the we 1 dozent to  contain the HAZ perpendicu lar to the 
d ire c tio n  o f  crack growth. A load r a t io  fi = 0 .05  was used and the 
loads were continuously adjusted using computer con tro l in order to 
m aintain the reouired  constant AK. As an In d ic a tio n  o f  the va r ia tio n  
o f  te n s i le  p ro p ertie s  through the HAZ regions , V ickers micro-hardness
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traverses were performed on ap p ro p ria te ly  cut and polished sections 
in  the regions o f  in te re s t .  Tens ile  te s ts  were also conducted on 6 .4  
mm diam eter specimens o f  32 mm gauge le n g th , machined from selected  
lo c a tio n s  in  the weldment.
2 .3 . RESULTS
To f a c i l i t a t e  comparison w ith  o ther ferrous a l lo y s , values o f  
the fa tig u e  threshold  AKxh fo r  the pressure vessel s te e ls  assessed in  
the present study are p lo tte d  as a function  o f  y ie ld  strength in 
Figure 2 .1 , and in d ic a te  the c h a ra c te r is t ic  trend o f  decreasing  
thresholds w ith  increasing  strength  ( 8 ,1 7 ) .  D eta iled  re s u lts  fo r  the 
three classes o f  a llo y s  investiga ted  are described in  the fo llow ing
Table I .  Chemical Composition (w t-X ) o f  A liuys In v e s tig a te d .
M ateria l C Mn Si N1 Cr Mo P S Cu V
aC r-l.5M o-.2V 0.14 0.49 0.22 0.50 2.95 1.50 .006 ,003 ,21
3Cr-1.5Mo 0.15 0.51 0.25 0.55 3.03 1.52 .012 .003 .10
JSW 0.14 0.45 0.18 3.06 1.00 .007 .009 .29
A387-2-22 0.12 0.42 0.25 0.14 2.48 1.06 .013 .020 .16
A542-2 0.14 0.44 O .M 0.61 2,28 0.92 .010 .010
A542-3 0.12 0.45 0.21 0 .1 ! 2 .28 1.05 .014 .OLb .12
A5338-2 0.25 1.29 0.16 0.63 0.07 0.42 .010 .0 0 /
Table I I .  Ambient Temperature Mechanical P ro p e rties .
Y ie ld  Redn
M ateria l Strength
(MPa)
UTS
(MPa) (% r
Kic
(M P a/i)
^Isee (Hz gas) 
(MPa/in)
3C r-l.5M o-0 .2V 676 821 74 . _
3C r-I.5M o 555 717 73 479
JSW 503 621 72 228
A387-2-22 290 500 76 286 80
A542-2 759 820 56 80
A542-3 500 610 77 295 85
A533B-2 648 767 73 217 ■
40
Table I I I .  Heat Treatment and M icro s truc tu re .
M ateria l Heat Treatment M icrostructure
3Cr-1.5M o-.2V slow cooled/tempered 100$ b a in ite
3Cr-1.5Mo slow cooled/tempered 100$ b a in ite
JSW slow cooled/tempered 100$ b a in ite
A387-2-22 normalized/tempered 60-90% bain ite /40-10%  f e r r i t e
A542-2 quench and tempered 100$ m artensite
A542-3 quench and tempered 100$ b a in ite
A533B-2 o i l  quenched/tempered 100k m artensite
Table IV . Hydrogen Exposure Schedules.
Exposure
M ateria l C om H tlm Time
(hours) W ) '
Pressure
(MPa)
Code
3Cr-1.5M o-.2V severe 1000 600 17.2 SE
3Cr-1.5Mo 1000 600 17.2 SE
JSW 1000 17.2 SE
A387-2-22 550 13.8 SE
A387-2-22 unexposed 1000 550 (molten s a lt ) UE
A533B unexposed UE
lig h t 72 650 13.8 IE
normal 550 17.2 HE
severe 2000 650 13.8
96 600 17.2 SE
very severe 1000 550 13.8
480 60*0 17.2 VSE
2 .3 .1 .  Exposure to  Gi'seous Hydrogen (Hydrogen Em brittlem ent)
2 .25C r-lM o S te e ls : The fa t ig u e  crack propagation behavior o f
A 387-2-22, A542-3 and A542-2 s te e ls , showing the ty p ic a l in fluence o f  
dry gaseous hydrogen and moist a i r  a t  a frequency o f  50 Hz and load 
ra tio s  between 0.05 and 0 .8 0 , are presented in  Figures 2 .2 , 2 .3  and
2 .4 ,  re s p e c tiv e ly  ( 7 ,9 ,1 4 ) .  Crack propagation ra tes appear to e x h ib it  
two d is t in c t  reMmes o f  hydrogen-affected cracking , c h a ra c te r is t ic  o f  
the te s t  envii •inment, frequency, load ra t io  and stress in te n s ity  
range (1 2 ).
Behavior appears to re s u lt  from a mutual com petition between 
hydrogen em brittlem ent mechanisms, which a c ce le ra te  growth ra te s , and 
re s u lt in g  crack t ip  s h ie ld in g , which re ta rd s  growth ra tes (1 5 ) .  At 
low  g ro w th  r a t e s  b elow  ~ 1 0 -8  m/c_ c 1e , n e a r - th r e s h o ld  c ra c k  
propagation ra tes are observed to be decreased s ig n if ic a n t ly ,  and 
threshold AKjh values increased, fo r  te s ts  in  moist a i r  environments 
compared to gaseous hydrogen. This d iffe re n c e  is  p a r t ic u la r ly  marked 
a t  low load ra t io s  where, in moist a i r ,  f r e t t in g  oxida tion  between 
cra c k  s u rfa c e s  promotes e x te n s iv e  c o rro s io n  d e p o s its , causing  
enhanced crack t ip  sh ie ld in g  from premature contact across the crack 
(oxide-induced crack c losure ) ( 6 ,7 ) .  This is  the prim ary reason for 
slower growth ra tes in a i r  compared to gaseous hydrogen below 10"8 
m /cyc le . M oreover, i t  is  th e.re as on  such d iffe ren c es  dim inish at  
h igh load  r a t io s  where c lo s u re , from the wedging e f f e c t  o f  the  
oxide , becomes less e f fe c t iv e  due to the la rg e r crack t ip  opening 
displacem ents, s im ila r  to  behavior observed in o ther dehumidified  
environments, Inc lud ing argon ( 6 ) ,  helium ( 7 ) ,  oxygen (9 ,1 4 ) and 
s il ic o n e /p a r a f f in  o i ls  (1 8 ) .  From the high R re s u lts  in the present 
a l lo y s ,  th e  a c c e le r a t in g  in f lu e n c e  o f  gaseous hydrogen on crac k  
growth ra tes can be seen to be q u ite  small when subjected to high 
frequency loading in  the near-th resho ld  regime.
With increasing  growth rates the d iffe re n c e  in  crack propagation 
b e h a v io r fo r  the m o is t a i r  and hydrogen environm ents i n i t i a l l y  
d ec rea se s . However, above t y p ic a l l y  1 0 '°  m /c y c le , a hydrogen 
em brittlem ent c o n trib u tio n  to cracking may be observed, p a r t ic u la r ly  
a t low»r frequenc ies, re s u lt in g  in  a sharp enhancement in propagation 
ra tes compared to  behavior in  moist a i r  (1 2 ).  This e f f e c t ,  which is  
co n c u rre n t w ith  a f r a c tu r e  mode t r a n s i t io n  to  p red o m ina n tly  
in te rg ra n u la r  c racking , has been shown to  be promoted by decreasing  
frequency and increasing  load ra t io  (1 2 ).  Such hydrogen-assisted  
c ra c k in g  a t  lo w e r fre q u e n c ie s  is  p a r t i c u la r ly  e v id e n t  in  h ig h er  
s tre n g th  p res su re  vessel s te e ls  (F ig u re s  2 .2  and 2 . 3 ) ,  which 
g en e ra lly  are more susceptible to  em brittlem ent.
2 .3 .2 .  P r io r  Exposure to  High Pressure Hydrogen (Hydrogen A ttack )
2.25C r-lH o  S te e ls : Fatigue crack propagation behavior o f A387-
2-22 in  the heat trea te d  (HT) and severe ly hydrogen exposed (SE) 
conditions is  shown in  Figure 2.5 fo r load ra tio s  o f  0 .05  and 0.75
( 1 3 ) .  In  a d d it io n ,  r e s u lt s  are  g iv en  fo r  a th e rm a lly  exposed 
condition  (UE) having the same 1000 hour/550°C thermal treatm ent as 
the SE co n d itio n . Although behavior is  almost Id e n tic a l a t  higher 
growth ra te s , below 'k 10-9 m /cycle (R = 0 .0 5 ) ,  near-th resho ld  growth 
ra tes are apparently reduced and threshold 6KTH values increased 
fo llow ing  hydrogen exposure, ('his somewhat su rp ris in g  re s u lt  can 
again be traced to the o f fs e t t in g  e ffe c ts  o f  hydrogen damage and 
s h ie ld in g ,  in  th e  l a t t e r  case from enhanced crac k  c lo s u re  from  
thermal so ften in g , although the degree o f  hydrogen damage in th is  
ste e l was c le a r ly  s l ig h t .  The fa c t  th a t behavior in the hydrogen 
exposed SE c o n d it io n  is  e s s e n t ia l l y  id e n t ic a l  to  t h a t  in  the 
unexposed LE condition  is cons istent w ith  th is  notion .
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3Cr-Ho S tee ls : The e f fe c t  o f  hydrogen attac k  damage on the room 
temperature Charpy V-notch toughness d u c tile  to b r i t t l e  tra n s itio n  
curve fo r  the 3Cr-1.5Mo s te e l Is presented in  Figure 2 .6 . With the 
in troduc tion  o f  m icrostructu ra l damage, the steel shows a reduction  
in  the upper s h e lf  energy o f  approxim ately 10 to 50 J , and a s h i f t  o f  
50°C in  the 54 J (40  f t - l b )  t r a n s i t io n  tem p e ra tu re  to  h ig h er  
tem peratures. I t  has, however, been prev iously  reported th a t the  
Increase in the t ra n s itio n  temperature may in  part be a t tr ib u te d  to 
tem p e r e m b r i t t le m e n t  w h ich  may o c c u r due to  th e  U e v a t e d  
temperatures associated w ith  the hydrogen attack procedure ( 3 ) .  The 
e ffe c ts  o f  p r io r  exposure to  hydrogen a tta c k  is  fu rth e r  I l lu s t ra te d  
by the JR{tia) resis tance curves fo r  the unattacked and attacked 3 0 -  
l.SMo s te e l shown in Figure 2 .7 . (Note th a t the unexpectedly high 
toughness o f  the u n attack ed  m a te r ia l has re s u lte d  in  the t e s t  
specimen not being in  compliance w ith  the ASTM standard thickness  
re q u ire m e n t. The r e s u lt  1s , how ever, in c lu d ed  f o r  com parative  
purposes.) Although a reduction in  fra c tu re  toughness Kic from 480 
MPa/m, in  the unattacked co n d itio n , to  339 MPa/in In  the attacked  
m a te ria l is  apparent, th is  reduction is  com paratively minor compared 
to the devastating  e f fe c t  o f  a s im ila r  exposure on the toughness o f  
s te e ls  c o n ta in in g  le s s  s ta b le  iro n  and a l lo y  c a rb id e s . D e ta i le d  
s tu d ie s  o f  the e f f e c t  o f  m ic ro s tru c tu ra l damage in  these low er  
a llo ye d  s te e ls  are reported in  the fo llow ing  section and in Chapter
Fatigue crack propagation behavior and corresponding closure 
data fo r  the 3 C r-l.5 M o-0 .2V , 3Cr~1.5Mc and JSW s te e ls  p r io r  to  and 
fo llow ing  prolonged high tem perature/high pressure hydrogen exposure 
are shown in  Figures 2 .8 (a )  and ( b ) ,  re s p e c tiv e ly . These a l lo y s ,  
l ik e  2,25Cr-lM o s te e ls , o f fe r  good resis tance to  hydrogen attac k  due 
to the p re c ip ita t io n  o f s ta b le  a l lo y  ca rb ides, such as ,,703, M23C6 , 
and MqC ( 3 ,1 9 ) .  Although the e f fe c t  o f  p r io r  hydrogen damage is  
apparent under mono ton ic  lo a din g, behavior under c y c lic  'loading shows 
l i t t l e  in flu en c e . This again may be explained by the o f fs e t t in g  
e f f e c ts  o f  m ic ro s tru c tu ra l damage which re s u lts  In  e reduced  
i n t r i n s i c  toughnes-s, and crac k  t i p  s h ie ld in g  which promotes the  
e x t r in s i c  toughness component. In  the p res en t exam ple , o n ly  the  
e f fe c t  o f  increased crack d e fle c tio n  due to  the hydrogen damage is 
apparent under mono ton ic  loading co n d itio n s . However, under c y c lic  
lo a d in g , the associated a d d itio n a l Increase in  the potent roughness 
induced closure mechanism is  also  apparent and re s u lts  in  a marked 
Increase in the e x tr in s ic  sh ie ld in g  component.
Mn-Mo-Ni S te e ls :  The hydrogen a tta c k  resis tance o f  the lower
allo ye d  Mn-Mo-Ni s te e ls , such as nuclear pressure vessel grade A533B, 
tends to  be q u ite  low as the prim ary hardening ca rb ides, i . e . ,  FeaC 
and MogC, a re  r e l a t i v e l y  u n s ta b le  in  th e  presence o f  hydrogen  
( 2 0 ,2 1 ) .  C o rre s p o n d in g ly , such s te e ls  g e n e ra l ly  show a d ram atic  
degradation in  s tre n g th , d u c t i l i ty  and toughness p roperties  fo llow ing  
damage from hydrogen a tta c k . This takes the form o f  weakened p r io r  
au s te n ite  grain boundaries from the nucleation  and coalescence o f  
sm all methane gas b u b b les , formed by th e  re a c tio n  o f  ing ressed
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hydrogen w ith  carbon in i.he ste e l (2 1 ) ,  Reductions in  K ic fra c tu re  
toughness values f r m  over 200 MPa/m to  less than 30 MPa/in with the 
severe damage fo llo v in g  prolonged exposure are not uncommon (2 0 ).
The correspond’ng e f fe c t  o f hydrogen attac k  on fa tig u e  crack 
propagation , however, is  s u rp ris in g ly  minor, once more owing to  the 
o f fs e t t in g  in flu en c e  o f  crack t ip  s h ie ld in g . This is  i l lu s t ra te d  in  
f ig u re  2 .9  fo r  progressive degrees o f  hydrogen damage in  A533B-2 
s te e l fo llow ing  p r io r  hydrogen exposure (1 3 ) .  Growth rates above 
~ 10 -9  m /cycle are e s s e n tia lly  id e n tic a l except where severe degrees
o f  a tta c k , in the SE and VSE s tru c tu re s , re s u lt  in acce le rated  crack
extension ra te s  as in s ta b i l i t y  is  approached. C onversely, a t  lower 
growth ra te s  below ~  10~ 9 m /c y c le , crac k  p ro p a g a tio n  ra te s  and 
threshold  AKjh values are only m a rg in ally  influenced by very severe 
p r io r  hydrogen damage.
Such behavior has been found to  be associated w ith  s ig n if ic a n t ly  
enhanced crack t ip  sh ie ld in g  in the severe ly damaged stru c tu re s , as 
shown by the back-face s tra in  measurements o f  the closure stress
in te n s ity  Kcj in  Figure 2 .10  (1 3 ) .  M etallographic studies o f  the
fa t ig u e  crack p ro f ile s  c le a r ly  show th a t th is  sh ie ld ing  o rig in a te s  
from  crack d e f le c t io n  and r e s u lt a n t  c ra c k  c lo s u re  induced by 
fra c tu re  surface a s p e rity  contact (roughness-induced crack c lo s u re ), 
caused by the tortuous morphology o f  the crack path as i t  fo llow s  
se vere ly  damaged p r io r  au s te n lte  grain  boundaries. Such sh ie ld in g  is  
s u f f ic ie n t  to o f fs e t  the a c ce le ra tin g  e f fe c t  o f  the environmental 
damage (1 3 ,2 0 ). A more d e ta ile d  an a ly sis  o f  the above re s u lts , in  
which q u a n t i t a t iv e  v a r ia t io n s  in  both i n t r in s i c  and e x t r in s ic  
toughness are es tim ated , is  presented in Chapter 3 .
2 .3 .3 .  In fluence o f  Load Ratio
High mean stresses superimposed upon c y c lic  loading g enerally  
cause an increase in fa tig u e  crack propagation ra te s , p r in c ip a lly  
from a reduction in  sh ie ld in g  from crack closure (1 2 ), This is  shown 
by re s u lts  (6 ,1 0 )  fo r  A387-2-22 and A542-3 s te e ls  tested In  moist a i r  
a t  50 Hz (F igures 2 .1 1 (a )  and 2 .1 2 (a ) ) .  Consistent w ith  explanations 
based on c lo su re , above ^  10"° m /cyc le , growth fa te s  in  moist a i r  are 
la rg e ly  in s e n s itiv e  to  load r a t io ,  w hile a t  near-threshold  le v e ls ,  
growth ra te s  a re  m arked ly  In c re a s e d , and th re s h o ld  AKfH values  
decreased, w ith  Increasing  R. The la t t e r  observation, however, is  
only apparent up to  a c r i t i c a l  load ra t io  where the closure stress 
in te n s ity  becomes comparable w ith  Kmin ( 6 ) .  At higher load r a t io s ,  
closure e ffe c ts  become minimal w ith  the re s u lt  th a t near-threshold  
growth rates and AKfH values become independent o f  R.
Behavior as a function  o f  load r a t io  is  e s s e n tia lly  s im ila r  in  
dry gaseous hydrogen, as i l lu s t ra te d  in Figures 2 .1 1 (b ) and 2 .1 2 (b )  
( 6 . 1 0 ) .  However, above •ulO"8 m /c y c le  where d if fe re n c e s  in  crack  
rates in a i r  and hydrogen a t  low frequencies are due p r im a rily  
■,d hydrogen em brittlem ent, increasing  the load ra t io  causes the 
sharp ac ce le ra tio n  from hydrogen-assisted cracking  to occur a t  lower
44
values o f K ^ x  (1 2 ). Conversely, near-threshold  le ve ls  where 
s lo w e r growth ra te s  in  m o is t a i r  r e s u lt  p r im a r i ly  from enhanced  
o x id e -in d u c e d  c lo s u re , in c re a s in g  the load  r a t io  m in im izes the  
closure co n tribu tions such th s t behavior in  a i r  and hydrogen (a t  high 
frequencies) becomes comparable.
2 .3 .4 .  In fluence o f  C yc lic  Frequency
The r o le  o f  c y c l ic  freq u en c y  in  in f lu e n c in g  fa t ig u e  crack  
propagation ra te s in A54c-3 2.25Cr-lM o ste e l a t  near-threshold  le v e ls  
is  shown In  Figure 2.13 (2 2 ) .  Data, are presented, from te s ts  in  
moist a i r  a t  R = 0 .1 , fo r  frequencies ranging from 1 to  500 Hz (sine  
w a v e ) ,  and show t h a t  th e  s lo w e s t  g ro w th  r a t e s ,  and h ig h e s t  
thresholds , occur a t  in term edia te frequenc ies. Based n back-face 
s tra in  Kci  measurements and Auger spectroscopy o f  fra c ^ -re  surface 
corrosion d epos its , such behavior could be ra t io n a liz e d  .n terms o f  
co n tribu tions from o x id e -ln d u - ' xk c losure , as the v a r ia tio n  in  
6Kth values was found to  re '"  y to  changes in  the magnitude
o f  AKgff and in  the thicknes- ck surface oxide f ilm s .
2 .3 .5 .  In fluence o f  Temperature
Temperature e ffe c ts  on fa tig u e  crack propagation in A387-2-22 
ste e l over the range 28 to 110°C (R = 0 .0 5 ) are shown in  Figure 2.14  
fo i atmospheres o f moist a i r  and dry gaseous hydrogen environments
(1 4 ) .  Results show th at crack growth ra te s are increased, and &Kth 
values decreased, w ith  increasing  tem perature, although the e f fe c t  o f  
temperature diminishes a t  higher growth ra te s . Results a t  ilO °C  in  
hydrogen gas, however, oppose th is  trend and show s ig n if ic a n t ly  
higher threshold values.
2 .3 .6 .  In fluence o f  Meld and HAZ M icrostruc tures
Results I l lu s t r a t in g  the fa tig u e  crack propagation behavior o f  
A387-2-22 s te el in  the base, hea t-a ffec ted -zon e  (HAZ) and weld metal 
regions o f  a th ick  section  weldment are shown in  Figure 2 .1 5 , again  
fo r environments o f  moist a i r  and dry gaseous hydrogen (R = 0 .05  and 
0 . 8 ) (1 4 ) .  H ic ro s trijc tu ra i c h a ra c te r is t ic s  and strength  le v e ls  fo r  
the three weldment regions are l is te d  1n Table V.
Results show th a t , whereas crack propagation behavior is  s im ila r  
at high load ra tio s  and above ^ 10*8 m /cyc le , a t  near-threshold  le v e ls  
(R = 0 .0 5 ) growth ra tes are f a s te r ,  and threshold  Ai.fn values lower, 
in the weld metal and p a r t ic u la r ly  HAZ regions , compared to the base 
p la te . Such re s u lts  are again cons istent w ith  concepts o f  crack t ip  
sh ie ld in g  as the extent o f  crack closure (from both the p la s t ic i ty -  
induced and roughness-induced mechanisms) becomes diminished In  f he 
higher strength weld and HAZ regions , where the f in e r  m lcrostructure i. 
promote a more l in e a r  crack path (1 4 ).
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Table V-. M icro s truc tu ra l C h ara c ter iza tio n  and Y ield  
Strength o f  SA387-2-22 S teel Heldment.
Region In Yield
Weldment M icrostruc ture Strength  
(MPa 5
Base p la te f e r r i te -b a in l t e 345
HAZ fin e  b a in lte 476
Weld metal coarse b a in lte 423
O ptica l examination o f  N lta l etched sections o f  the baseplate, 
HAZ and weldmetal o f  the 3O -1 .5M 0 and JSW steel weldments revealed  
an apparently f e r r i t e - f r e e ,  f u l ly  b s in l t fc  m icrostructure In  a l l  
re g io n s . T y p ic a l re p r e s e n ta t iv e  o p t ic a l  m icrographs o f  th e  HAZ 
re g io n s  a re  p resen ted  in  F ig u res  2 .1 6 (a )  and 2 . 1 7 ( a ) .  The f in e r  
b a in i t ic  m lc m tru c tu re  o f  the HAZ Is  c le a r ly  apparent compared to  
the c o a rs e r  m ic ro s tru c tu re  o f  the b a s e p la te  and w e ld m e ta l. The 
r e s u lts  o f  th e  m icrohardness t ra v e rs e  through t h is  re g io n  are  
^ res en ted  in  F ig u res  2 .1 6 (b )  and 2 . 1 7 ( b ) .  In  both weldments a 
m ic ro s tru c tu ra lly  "hard zone” e x is ts  in  the HAZ immediately adjacent 
to  the fusion  boundary. In  the OSW weldment, a "s o ft zone" comprising  
an over-tempered m icrostructu re  was apparent on the opposite side o f  
the HAZ (F ig ure  2 1 7 ). M icro s truc tu ra l c h a ra c te r is t ic s  and y ie ld  
strengths o f  the 3Cr-1.5Mo s te el weldment are summarized in  Table V I .
Table V I .  M ic ro s truc tu ra l C h ara c ter iza tio n  and Y ield  
Strength o f  3Cr~1.5Mo S tee l Weldment.
Region in  
Weldment M icrostruc ture
Damage
Condition
Yield
Strength
(MPa)
Base p la te coarse b a in lte tmattacked 558
attacked 544
HAZ fin e  b a ln ite unattacked
Weld metal coarse b a in lte unattacked 840
attacked 772
The fa tig u e  crack propagation behavior o f  the 3 0 - 1 . 5Mo steel 
weldmetal in both the unattacked and attacked condition  was found to
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be e s s e n tia lly  s im ila r  to the data fo r  the 3Cr-Mo s te e ls  presented in  
Figure 2 .8 . Growth ra tes were m arg inally  Increased, and threshold  
AKth values s l ig h t ly  decreased In  the hydrogen attacked wsldmetal 
compared to  the unattacked m a te r ia l. The fa tig u e  crack growth ra te  a t  
constant AK = 12 MPa/m fo r cracks growing perpend icu larly  through the 
HAZ re g io n , both p r io r  to  and a f te r  hydrogen a tta c k , are shown in  
Figures 2 .1 8 (a )  and 2 .1 8 (b ) ,  re s p e c tiv e ly . The crack growth ra te  is 
p lo tte d  as a function  o f  d istance through the HAZ. Both sets o f  data 
in d ic a te  increased crack propagation ra tes in the HAZ regions. The 
m inim al e f f e c t  o f  p r io r  m ic ro s tru c tu ra l damage from exposure to  
hyd ro g e n  a t t a c k  on th e  g ro w th  r a te s  o b s e rv e d  is  a p p a re n t  by 
comparison o f  the data in Figure 2 .1 8 . Crack growth ra tes In  the base 
p la te  m a te ria l are r e la t iv e ly  u naffected , and those in the weldmetal 
m a rg in a lly  im, .'eased, by the p r io r  exposure to  hydrogen attac k  as was 
confirmed by separate tes ts  in  these regions.
R esults o f  the fa tig u e  crack growth ra te  and corresnfinding crack 
closure le ve l through the HAZ a t a constant AK = 10 MPa/m in the JSW 
ste e l weldment Is  shown in  Figure 2 .1 9 (a )  and 2 .1 9 (b ) ,  re s p e c tiv e ly . 
S im ila r  to  the 3Cr-1.5Mo steel weldment, the maximum growth ra te  was 
observed in  the HAZ reg ion . Results are ra t io n a liz e d  in terms o f  
crack t ip  sh ie ld in g  from crack closure associated w ith  reductions in  
both p la s t ic i ty -  and roughness-induced mechanisms. P las tic ity -in d u ce d  
c lo su re , favored by a lower flew  s tre s s . Is  diminished in  the higher 
strength  HAZ reg ion . In a d d it io n , the f in e r  m icrostructu re  o f  the HAZ 
promotes a more l in e a r  crack path and hence reduces the roughness- 
induced closure co n tr ib u tio n . Such behavior is  cons istent w ith  the 
closure data presented in  Figure 2 .1 9 (b ) which In d ic ates a decreased 
le v e l o f  closure in the HAZ region.
2 .4 . DISCUSSION
In the present study, e x is tin g  fa t ig u e  crack propagation data o f  
se v e ra l com m ercial s te e ls  fo r  h y d ro g e n -c o n ta in in g  th ic k -s e c t lo n  
pressure vessel ap p lica tion s  has been reviewed and compared w ith  new 
data on three recent 3Cr-Mo pressure vessel s te e ls . S p e c if ic a l ly ,  
the respective  ro le s  o f  hydrogen em brittlem ent, hydrogen a tta c k , load 
r a t io ,  tem perature, c y c lic  frequency and weldment m icrostructure have 
been examined in  several classes o f  2.25C r-lM o, 3Cr-Mo, and Mn-Mo-Ni 
f e r r i t i c ,  b a in i t ic  and m a rte n s ltic  s te e ls , tested  in ambient pressure 
gaseous hydrogen and moist a i r  environments. In g ene ral, optimum 
c r a c k  g ro w th  r e s i s t a n c e  is  fo u n d  1 n th e  lo w e s t  s t r e n g t h  
m ic rostructu res, such th a t when normalized w ith  respect to  strength  
le v e l ,  these s te e ls  show la rg e ly  s im ila r  growth ra te  behavior. The 
more le a n ly  alloyed  Mn-Mo-Ni s te e ls , however, are less re s is ta n t to 
damage from hydrogen a tta c k .
E nvironm entally-assisted  crack growth is  observed above %10" 8 
m /c y c le , p a r t i c u la r ly  a t  low er f re q u e n c ie s , in  both hydrogen 
em b r ittle d  and p r io r  hydrogen attacked m lcrostructu res. At lower
growth ra te s , however, approaching near-threshold  le v e ls , behavior 
has been c o n s id e re d  In  te rm s o f  th e  m u tu a l c o m p e t i t io n  o f  
environmental damage, which promotes crack growth, and the re s u lta n t  
crack t ip  s h ie ld in g , which re ta rd s  i t .  Such sh ie ld in g  leads to a 
reduction  in  crack extension ra te s , not by increasing the resistance  
i f  the m icrostructure ( I . e . ,  by in t r in s ic  toughening mechanisms) but 
ra th e r by decreasing the local "d riv in g  force" a c tu a lly  experienced 
a t the crack t ip  ( i . e . ,  by e x tr in s ic  toughening mechanisms). S a lie n t  
m ic ro -m e c h a n is m s  o f  s h i e ld in g ,  p e r t in e n t  to  th e  p re s e n t  
m ateria l/environm ent systems, are i l lu s t ra te d  schem atica lly in  Figure 
2.20.
In  m o is t en v iro n m e nts , s h ie ld in g  from  th e  wedging a c t io n  o f  
corrosion debris (oxide-induced closure ( 6- 8 ) )  acts to  o f fs e t  the 
a c c e le ra t in g  e f f e c t  o f  c o rro s io n  f a t ig u e  processes { a c t iv e  path  
corrosion and hydrogen em brittlem ent) (F igure  2 .2 0 (a ) ) . Accordingly, 
near-th resho ld  growth ra tes in  2.25Cr-lM o s te e ls  are found to  be much 
s low er in  w a te r or wet gaseous hydrogen compared to  d ry  gaseous 
hydrogen  ( 1 0 ) .  S i m i l a r l y ,  g ro w th  r a te s  a r e  f a s t e r  a t  room 
temperature in  dry a i r  or dry oxygen, compared to  moist a i r  (9 ,1 4 ) .  
A more general form o f  s h ie ld in g , however, a r ise s  where environmental 
processes lead to a change in  crack path (F igure  2 .2 0 (b ) ) .  In the 
present work, the s te e ls  subjected to  extensive damage from p rio r  
hydrogen a t ta c k , which show markedly reduced toughnesses, are found 
to show only m a rg in ally  acce le rated  fa tig u e  crack growth rates a t  
near-th resho ld  le v e ls . Here, the grain boundary damage from methane 
bubble form ation re s u lts  in a meandering in te rg ra n u la r crack path , 
which promotes sh ie ld in g  from both reduced lo c al stress in te n s itie s  
due to  d e fle c tio n  out o f  the Mode I plane (23) and, more im p o rtan tly , 
from the re s u lt a n t  crack c lo s u re  from f r a c tu r e  s u rfa c e  a s p e r i ty  
c o n ta c t (ro u gh n e ss -in d u c ed  c lo s u re  ( 2 4 - 2 6 ) ) .  S im ila r  m u tu a lly  
o ffs e t t in g  e ffe c ts  o f  roughness-induced closure and environmental 
damage have been reported fo r  hydrogen em b r ittle d  low a l lo y  s teels  
fo llow ing  hydrogen charging (2 7 ).
Although as y e t unproven, crack propagation in  s te e ls  subjected 
to In  s itu  high pressure/high temperature hydrogen environments may 
be im peded by an a d d i t io n a l  form  o f  s h i e ld in g .  In d u c e d  by 
p re fe re n tia l hydrogen attack damage in the form o f  creep-enhanced 
methane bubble formation in  the process zone a t  the crack t ip  (F igure  
2 .2 0 (d ) ) .  Since the bubble formation involves d i la t io n ,  the e la s tic  
c o n s tra in t o f  surrounding m a te ria l w il l  r e s u lt  in  the crack growing 
in to  a region o f  compression, analogous to  microcrack toughening in  
ceramics and rocks (2 8 ) .  Thus, w ith  respect to  hydrogen a t t a 'k ,  i t  
is conceivable th a t p r io r  hydrogen exposure, where bubbles nucleate  
throughout the m ic ro stru ctu re , may well be more damaging than in  s i tu  
exposure, where bubbles form p re fe re n t ia l ly  a t  the t ip ,  since zone 
s h ie ld in g  w i l l  o n ly  occur in  the l a t t e r  c a s e . (E s tim a te s  o f  the  
e x te n t  o f  e x t r in s ic  s h ie ld in g  from in  s i t u  exposure to  hydrogen 
a tta c k  are presented in Appendix I  o f  Chapter 3 . )
F in a l ly ,  alth o u g h  the d e f le c t io n ,  wedge and zone s h ie ld in g
mechanisms d es crib ed  p ro v id e  a p o te n t met -•, in  these s te e ls  to  
r e s t r ic t  the a c ce le ra tin g  In fluence o f  aggressive hydrogen-containing 
environments. I t  must be remembered th a t In  p a r t ic u la r  s itu a tio n s  the 
e f fe c t  o f  these mechanisms can become muted. Related studies in  
s te e ls  and aluminum a l lo y s  have shown t h a t  t h is  can a r is e  w ith  
superimposed h igh  mean s tre s s e s  ( 7 - 1 2 ) ,  fo llo w in g  com pressive 
o ve rlo a ds  ( 2 9 ) ,  and in  the presence o f  p h y s ic a lly  sm all cracks  
(<1 mm) or cracks em anating from notches ( 1 5 ,3 0 - 3 2 ) .  In  these  
In s ta n c e s ,  c a re  m ust be ta k e n  In  in t e r p r e t i n g  and a p p ly in g  
conventional la b ora to ry  data ( I . e . ,  based on "long crack'1, low R, 
compact tension te s tin g ) to  p red ic t serv ice  behavior, as the ro le  o f  
crack t ip  sh ie ld in g  may d i f fe r  markedly between te s t and serv ice  
conditions.
2 .5 .  SUMMARY AND CONCLUSIONS
Based on a study o f  f a t ig u e  crac k  p ro p ag a tio n  b eh a v io r in  a 
series  o f 2 .25C r-lM o , 3Cr-Mo and Mn-Mo-Ni pressure vessel s tee ls  
s u ita b le  fo r th ic k -s e c tio n , high pressure hydrogen se rv ice , data 
have been provided on the v a r ia tio n  in  growth rates (da/dN) with  
nominal s tress in te n s ity  range (AK) as a function  o f  environmental 
damage (hydrogen em brittlem ent and hydrogen a t ta c k ) ,  tem perature, 
weld/HAZ m ic ro stru c tu re , load r a t io  and frequency. I t  is  reasoned 
th a t a t  near-threshold  le v e ls , where the m a jo r ity  o f  fa tig u e  l i f e  is  
s p e n t, en v iro n m e nta l c o n t r ib u t io n s  to  c ra c k  growth under c y c l ic  
loading may be o f fs e t  by a local reduction In  the "crack d riv in g  
fo rc e "  from mechanisms o f  c ra c k  t ip  s h ie ld in g .  P rim ary m ic ro -  
mechanisms o f  such sh ie ld ing  re lev an t to  the present s te e ls  have been 
id e n t if ie d , in terms o f crack d e fle c tio n  and crack closure Induced by 
c o rro s io n  d e b r is , f r a c tu r e  s u rfa c e  a s p e r t ie s ,  and vo id -in d u ce d  
d ila t io n  in the e la s tic a lly -c o n s tra in e d  crack t ip  process zone.
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1
V a ria tio n  o f  fa tig u e  threshold stress In te n s ity  range, 
AK jh ( a t  low  lo a d  r a t i o s ) ,  as a f u n c t io n  o f  y i e l d  
strength fo r  a wide range o f  s te e ls  ( 8 ) ,  showing re su lts  
fo r the 2 .25C r-lM o , 3Cr-Mo, and Mn-Mo-Ni s te e ls  in the
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Figure 2 .2  F a tig u e  crack p ro p ag a tio n  b eh a v io r o f  a n o rm alized  
(th ic k -s e c tio n ) f e r r i t i c - b a in l t i c  2.25Cr-lM o steel (A387- 
2- 22 ) ,  showing the in fluence o f  moist a i r  and dry gaseous 
hydrogen {138 kPa) environm ents a t  R =0.05 and 0 .8 0  
( 6 ,1 4 ) .
53
21/10-1 Mo STEEL
£ ° |j eir(SO% RH1 
O?!} HjdJBtPal 
0 OS (QlHlI dry HjHJBVPo)
> <
ALTERNATING STRESS INTENSITY, tiKCMPiVffll
Figure 2 .3  F a tig u e  c ra c k  p ro p ag a tio n  b eh a v io r o f  a quenched and 
tempered ( th lc k -s e c t io n )  fu l ly  b a ln l t lc  2.25Cr-lM o steel 
{A 5 4 2 -3 } , showing the In f lu e n c e  o f  m oist a i r  and dry  
gaseous hydrogen (138 kPa) environments a t  low and high 
frequencies a t  R=0,05 and 0.75 (7 ,1 2 ) ,
!
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Figure 2 .4  F a tig u e  crac k  p ro p ag a tio n  b eh a v io r o f  a quenched and 
tempered f u l ly  m a rte n s ltic  2.25Cr-lM o steel (A 5 42 -2), 
showing the in f lu e n c e  o f  m o is t a i r  and d ry  gaseous 
h ydrogen  {1 3 8  k P a ) e n v iro n m e n ts  a t  low  and h ig h  
frequencies a t  R=0.05 and 0.75 ( 7 ,9 ,1 2 ) .
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Figure 2 .5  F a tig u e  crac k  p ro p ag a tio n  b eh a v io r fo r  a n orm alized  
f e r H t fc -b a fn f t ic  2 .2 5 0 - lM o  s te e l (A 3 87 -2 -22 ), a t  load 
ra tio s  o f R ■ 0.05 and 0 .7 5 , showing in fluence o f  p rio r  
1000 hr exposure to gaseous hydrogen a t  13 .8 MPa pressure 
(55 0°C ). Results are fo r  heat trea te d  (H T ), hydrogen 
attacked (S E ), and unexposed (UE) conditions (1 3 ),
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Figure 2 .6  Charpy V-notch t ra n s itio n  curves fo r the 3Cr-1.5Mo steel 
showing th e  e f f e c t  o f  m lc ro s tru c tu ra l damage from  
e x p o s u re  to  h ig h  te m p e r a t u r e /p r e s s u r e  hydrogen  
environments.
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F ig u r e  2 . 7  j R ( i a )  r e s is ta n c e  c u rv e s  f o r  th e  S C r - l .^ M o  s t e e l  
in d ic a tin g  the e f fe c t  o f  hydrogen attac k  on the crack 
in i t ia t io n  toughness J jc .
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Fatigue crack propagation behavior o f  slow-cooled f u l ly  
b a ln l t ic  3Cr-Mo s te e ls  (3C r-1.5M o, 3C r-1 .5M o-0.2V, and 
OSW s t e e l) ,  showing In fluence o f  p r io r  1000 hr exposure 
to gaseous hydrogen a t  17.2 MPa pressure (600°C) on (a) 
crack growth ra te s , and (b ) crack closure .
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Figure 2 .9  Fatigue crack propagation behavior o f a ba ; : i 't  >t Mn-Mo-NI 
nuclear pressure vessel s te e l (A533B -2), & #tw i a t  R = 
0 , 10 , showing in fluence o f  p r io r  damage f/.-i,. hydrogen 
a t t a c k .  R e s u lts  a re  g iv e n  f o r  th e  u'*ur.t; js e d  (H E ) 
co n d itio n , and fo llow ing  240 hr ( H I ) ,  109b hr (S E ), and 
1480 hr (VSE) exposures to gaseous hydrogen .u  1 3 .8 -1 7 .2  
MPa pressure (550-600°C ) (1 3 ,2 0 ).
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F igure 2 .10  E x p e r im e n ta lly  measured v a r ia t io n  in  fa t ig u e  crack  
closure in  A533B-2 ste e l corresponding to growth ra te  
data In  Figure 2 .9 . Results show the ra t io  o f  closure to 
maximum stress In te n s ity , KC] /K max, as a function o f AK, 
and in d ic a te  higher le ve ls  o f  crack t ip  sh ie ld ing  in  the 
severe ly hydrogen attack damage m icrostructure (SE) (1 3 ).
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Flg iirs  2.11 Fatigue crack propagation behavfor o f  normalized 2.25C r-  
IMc A387-2-22 s te e l tss ted  In  (a )  moist a i r  and (b ) dry 
gaseous hydrogen (138 kPa) a t  high frequencies (50 H z), 
showing the In fluence o f  load r a t io  fo r  R vary ing  between 
0.05 end 0 .80 ( 6 ,1 4 ) ,
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Figure 2 .12  F a tig u e  crack p ro p ag a tio n  beh a v io r o f  quenched and 
tempered 2.25Cr-lM o A542-3 s te el tested In  (a )  moist a ir  
and (b )  d ry  gaseous hydrogen  (1 3 8  kP a) a t  h ig h  
frequencies (50 H z ), showing the in fluence o f  load ra t io  
fo r  P. varying between 0 .05  and 0.75 ( 7 ,1 0 ) .
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Figure 2 .13  In fluence o f  c y c lic  frequency (1 to  500 Hz) on fatigue  
crack propagation behavior in quenched and tempered f u l ly  
b a in l t ic  2.25Cr-lM o steel (A 5 42 -3), tested  a t  R = 0 .1  in  
moist a i r  ( 22 ) .
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Figure 2 .1 4  In f lu e n c e  o f  tem p e ratu re  {2 8 -1 1 0 °C ) on fa t ig u e  crack  
p ro p ag a tio n  b eh a v io r in  norm alized  f e r r l t l c - b a i n i t i c  
2.25Cr-lM o ste e l (A 3 87 -2 -22 ), tested a t  R = 0.05 in (a )  
moist a i r  and (b ) dry gaseous hydrogen (138 kPa) (1 4 ).
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Figure 2.15 Fatigue crack propagation behavior 1n a th ick -s ec tlo n  
weldment o f  n o rm alized  2 .Z 5 C r-IM o  s te e . ( A 3 8 7 - 2 - 2 2 ) , 
showing comparison o f  growth ra tes in  base p la te , HAZ and 
weld metal m icrostructures in (a ) moist a i r  and (b) dry 
gaseous hydrogen (138 kPa) a t  R = 0 .05  and 0 .80  ( '4 ) .
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Figure 2 ,16  M icro s truc tura l and hardness ch a rac teriza tio n  o f  the HAZ 
in  th e  3 C r-1 .5 M o  s t e e l  w e ld m e n t, show ing ( a )  a 
re presen tative  o p tic a l micrograph in d ic a tin g  the f in e r  
b a in i t lc  m icrostructure o f the HAZ, and (b ) the Vickers 
microhardness v a r ia tio n  through the same region.
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2.17  M lcrostruc tura l and hardness ch a rac teriza tio n  o f the HAZ 
in  the JSW steel weldment, showing (a ) » represen tative  
o p t i c a l  m ic ro g ra p h  In d ic a t in g  th e  f i n e r  b a i n i t i c  
m ic r o s t r u c t u r e  o f  th e  HAZ, and ( b )  th e  V ic k e rs  
microhardness v a r ia tio n  through the same reg ion . .
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Figure 2 .18  Fatigue crack propagation behavior o f the 3 0 - 1 . 5Mo 
weldment showing the v a r ia tio n  o f the crack growth
(da/dN) as a function o f  the d is t  “ •-------*• "  -
a c o n s ta n t iK = 12 MPa/S, both
i tance through the HAZ a t
 _________  - -  ... -  .... . .  :h ( a )  p r io r  t o ,  and (b )
a f t e r  th e  in t r o d u c t io n  o f  m ic r o s t r u c t u r a l  damage 
associated w ith  hydrogen a tta c k .
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Figure 2 .1 9  F a tig u e  crac k  p ro p ag a tio n  b eh a v io r o f  th e  JSH s te e l 
weldment showing (a ) the va r ia tio n  o f  the crack growth 
ra te  (da/dN) as a function  o f  the d istance through the 
HAZ a t  a c o n s ta n t &K = 12 MPa/in, and (b )  th e  le v e l o f  
crack closure .
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Figure 2 .20  Schematic I l lu s t r a t io n  o f micro-mechanisms o f  crack t ip  
sh ie ld in g  re lev an t to the present study, showing wedge 
s h ie ld in g  from ( a )  o x id e -in d u c e d  c lo s u re , and (b ) 
d e f le c t io n  and roughness-induced c lo s u re , and zone 
sh ie ld in g  from (c )  p la s tic ity -in d u c e d  closure and (d ) 
from  com pressive zones around the crack due to  the  
d l la t a n t  growth o f  methane bubbles ( in  s i tu  hydrogen 
a t ta c k ) .
CHAPTER 3: EFFECTS OF PRE-EXISTING GRAIN BOUNDARY MICROVOIO 
DISTRIBUTIONS ON FRACTURE TOUGHNESS AND FATIGUE 
CRACK GROWTH IN LOW ALLOY STEEL
ABSTRACT
The ro le  o f dispersions o f  p re -e x is tin g  grain  boundary 
m ic ro vo id s  1s in v e s tig a te d  in  f r a c tu r e  toughness and 
fa tig u e  crack propagation behavior in a low a llo y  s te e l. 
Microvoid damage is  achieved by p r io r  exposure o f the steel 
to gaseous hydrogen atmospheres a t  high temperatures and 
p re s s u re s , where carbon w ith in  the s te e l re a c ts  w ith  
ingressed hydrogen to nucleate methane bubbles along p r io r  
au sten ite  grain boundaries (hydrogen a t ta c k ) .  I t  is  shown 
t h a t ,  whereas th e  crack I n i t i a t i o n  and crack growth 
toughness ( i . e . ,  K ic and the tearing  modulus) are severely 
degraded, even fo r  com paratively m ild  degrees o f  microvoid 
damage, ra te s  o f  s u b - c r i t i c a l  crac k  growth by fa t ig u e  
re m a in  r e l a t i v e l y  u n a f f e c t e d .  Such r e s u l t s  are  
in te rp re te d  in  terms o f  a m utual c o m p e titio n  between 
m ic ro s tru c tu ra l damage generated  by the g ra in  boundary 
microvoids, which promotes crack growth by lowering the 
i n t r in s i c  re s is ta n c e  o f  the m ic ro s tru c tu re , and the 
re s u ltin g  tortuous crack paths, which e x t r in s ic a lly  retard  
crac k  growth a t  low s tre s s  in t e n s i t i e s  by lo w e rin g  the  
local crack t ip  "d riv in g  force" (crack t ip  s h ie ld in g ). As 
sh ie ld ing  e ffe c ts  are minimized a t  high stress in te n s it ie s ,  
th e  d eg ra d atio n  in  i n t r in s i c  toughness is  re la te d  to 
changes in  d u c t i l i ty  by means o f  a stress -m od ified  c r i t i c a l  
stra in  model fo r d u c tile  f ra c tu re , where the presence o f 
small microvoid c lu sters  is  shown to promote coalescence 
through the ea s ie r onset o f  p la s tic  s tra in  lo c a liz a t io n .  
Fatigue behavior, conversely, is  dominated by e x tr in s ic  
s h ie ld in g  mechanisms and is  modeled 1n terms o f  two- 
dim ensiona l models o f  crac k  d e f le c t io n  and roughness- 
induced crack closure.
3 .1 . INTRODUCTION
M ic ro s tr u c tu r a l damage in  the form o f  m ic ro -p o ro s ity  is  
f re q u e n t ly  encountered  in  m a te r ia ls .  M e c h a n ic a lly , i t  t y p ic a l l y  
re s u lts  In a degradation o f te n s ile  and Impact toughness p ro p ertie s , 
and Is  most o ften  associated w ith  the formation o f  a d ispersion o f  
microvoids a t  phase or grain boundaries. Such void formation may 
a r is e  from improper fab r ic a tio n  o f  the m a te r ia l; ; . g . ,  shrinkage 
p o ro s ity  in a llo y s  e x h ib it in g  a wide s o l id if ic a t io n  range ( 1) and gas 
bubble formation due to in s u ff ic ie n t  out-gassing p r io r  to  casting
( 2 ) ,  or may be associated w ith  the pa> i la r  operating environment; 
e . g . , creep c a v ita tio n  a t  high temper^ js  ( 3 ) ,  severe ra d ia t io n -  
induced damage ( 4 ) ,  or from hydrogen a tv '^ k  1n m a te ria ls  exposed to 
high tem perature, high pressure hydrogen .,.1. ronments ( 5 ) .
M ec h a n is tic a lly , the In troduction  o f  a d ispers ion  o f  microvoids 
may be expected to  produce s ig n ific a n t  e ffe c ts  on crack propagation  
behavior under both monotonic and c y c lic  loading conditions. Under 
monotonic loading, where crack extension occurs a t  a high stress
in te n s ity  comparable to  th at o f  tne fra c tu re  toughness, K ic . the 
presence o f  a p re -e x is tin g  mlcrovoid d ispers ion  in  d u c tile  m a teria ls  
w il l  encourage the onset o f  p la s tic  s tra in  lo c a liz a t io n  ( 6 ) and 
cons eq u en tly  low er the c r i t i c a l  f r a c tu r e  s t r a in  as s o c ia te d  w ith  
d u c tile  f ra c tu re . This re s u lts  in a reduced in t r in s ic  resis tance to 
crack growth ( i . e . ,  lower in t r in s ic  toughness*). Where microvoids 
form p re fe re n t ia l ly  a t  the crack t ip ,  e .g . ,  w ith  in  s i tu  creep 
or hydrogen a t ta c k  damage, th is  may be o f fs e t  by m ild  e x t r in s ic  
toughening from the c o n s tra in t o f  the re s u lt in g  zone o f  d ila te d  
m ateria l surrounding the crack (see Appendix I ) .  The s ig n ifica nc e o f  
the l a t t e r  e f f e c t ,  however, which is  analogous to  m icrocrack  
toughening in  b r i t t l e  m a te ria ls  ( 9 ) ,  is  g enerally  small in d u c tile  
m a te ria ls  due to th e ir  high in t r in s ic  toughness ( 8 ) .
C o n verse ly , where crack ex ten s io n  may proceed a t  a low er
“d r iv in g  fo rc e " , e . g . ,  under c y c l ic  lo a d in g , th e  e f f e c t  o f  a
d ispersion o f  microvoids may involve s ig n ific a n t  con tribu tions from
both e x t r in s ic  and i n t r in s i c  e f f e c ts  ( 1 0 ) .  In  a d d it io n  to  the  
e x tr in s ic  toughening from a surrounding d ila te d  zone o f m icrovoids, 
more potent crack t ip  sh ie ld ing  can develop in fa tig u e  from crack 
d efle c tio n  and, in  p a r t ic u la r ,  fa tig u e  crack c lo su re . Crack closure, 
which re su lts  in a reduction in  the stress in te n s ity  range, A K eff, 
lo c a lly  experienced a t  the crack t ip ,  is in general developed by the 
presence o f  c y c lic  p la s t ic i ty  in the wake o f  the t ip  ( 11 ) ,  or more 
im portantly a t  low crack t ip  opening displacements by the wedging 
action  o f  corrosion debris (1 2 -1 4 ) , frac tu re  surface a s p e ritie s  (15 - 
1 7 ) , or f lu id  pressure w ith in  the crack (1 8 ) .  Thus, the possible  
ac ce le ra tin g  e f fe c t  o f  a d ispersion o f  grain  boundary microvoids may 
be o f fs e t  by sh ie ld ing  from enhanced crack d e fle c tio n  and roughness- 
induced crack c losure , as the fa tig u e  crack attempts to  fo llo w  a more 
tortuous in te rg ra n u la r path ( e .g . ,  r e f .  10) .
The o b jec tive  o f  the present work is  to in v e s tig a te  the e ffe c ts  
o f  a d is p e rs io n  o f  p r e - e x is t in g  g ra in  boundary m ic ro v o id s , o f
*The d is tin c tio n  is  drawn here between in t r in s ic  toughening, where 
c r a c k  g ro w th  Is  im peded by m echanism s w h ic h  in c r e a s e  the  
m ic ro s tru c tu ra l re s is ta n c e  to  crack advance, and e x t r in s ic  
to ug h e n in g , where crac k  growth is  impeded by mechanisms which 
lo c a lly  reduce the "crack d riv in g  fo rce " , i . e . ,  through crack t ip  
sh ie ld ing  ( 7 ,8 ) .
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progressively Increasing s ize  and d en s ity , on crack propagation under 
monotonic and c y c lic  load ing . S p e c if ic a l ly ,  studies are performed on 
a low a llo y  s te e l,  where grain  boundary microvoid dispersions are 
achieved by p r io r  exposure to high tem perature/high pressure gaseous 
hydrogen environments through hydrogen a tta c k , I . e . ,  from nucleatlon , 
growth and eventual coalescence o f  small methane bubbles, formed by 
the chemical re ac tio n  o f  ingressed hydrogen w ith  carbon In the s te e l.  
I t  Is  found th a t in t r in s ic  toughness Is severely degraded oy the 
presence o f  the microvoids, e s s e n tia lly  by promoting the e a r l ie r  
onset o f  In c ip ie n t  p la s t ic  s t r a in  lo c a l i z a t io n  o f  the i n t a r v o i d  
m a tr ix , a process exacerbates by the presence o f  small microvoid 
c lu s ters  in the h igh ly t r la x la l  stress f ie ld s  ahead o f the crack t ip .  
In marked c o n tra s t, the rates o f  fa tig u e  crack growth are la rg e ly  
unch a ng e d , o b s e r v a t io n s  w h ich  a re  a t t r i b u t e d  to  th e  m u tu a l 
com petition between m icrostructu ra l damage, which acce le rates crack 
advance, and the re s u ltin g  crack t ip  s h ie ld in g , which acts to re ta rd  
i t .
3 .2 .  EXPERIMENTAL PROCEDURES
The a l lo y  Investiga ted  was a Mn-Mo-N1 nuclear pressure vessel 
s te e l,  ASTM 45338 Class 2 , o f  composition shown in  Table I .  A ir  
induction melted Ingo ts , prepared by Lukens Steel C o., were f i r s t  
u p s e t  fo rg e d  and c r o s s - r o l l e d  to  35 mm t h ic k  p l a t e ,  b e fo re  
austen1t1z1ng a t  IOOO°C (1 h ) ,  o i l  quenching, and tempering a t  650°C 
(4  h ).
Table I .  Composition o f  A533B Class 2 S teel in  Wt Pet
c Mn Mo Ni Cr Si P S A1 Fe
0.25 1.29 0.42 0.63 0.07 0.16 0.010 0.007 0.02 bal
C o n tro lle d  d is t r ib u t io n s  o f  p r e -e x is t in g  g ra in  boundary 
microvoids were obtained thmugh the process o f hydrogen a tta c k ,  
involving  the nucleatlon  o f  methane f i l l e d  bubbles at grain  boundary 
carb ides, and th e ir  progressive coarsening with prolonged exposure to  
high pressure/high temperature hydrogen gas ( 5 ) .  Resistance to  such 
damage is  a prime function o f  the carbon a c t iv i ty ,  and hence o f  the 
thermodynamic s t a b i l i t y  o f  the p re c ip ita te d  carbides (5 ,1 9 ,2 0 ).  The 
low a llo y  A533B s te e l,  hardened p r im a rily  by the r e la t iv e ly  unstable  
FegC ca rb id e , was th ere fo re  p a r t ic u la r ly  susceptible to a tta c k .
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Exposure to  gaseous hydrogen was performed on oversized blanks 
o f  h ea t-trea ted  m a te ria l in high pressure autoclaves fo r various 
combinations o f  tim e, temperature and hydrogen pressure. Exposure 
sequences were selected  to achieve increasing microvoid size and 
d en s ity . As lis te d  in Table I I ,  increasing degrees o f exposure up to 
1480 hr a t  tem p e ra tu res  between 550 and 600°C were u t i l i z e d  fo r  
hydrogen pressures in the range 14 to  17 MPa (2000 to  2500 p s i) .  To 
avo id  confusion  w ith  hydrogen e m b r itt le m e n t e f f e c t s ,  t h is  was 
followed by a 4 h 'b ak ing ' treatm ent a t  180°C to minimize the amount 
o f  residua) hydrogen w ith in  the s te e l.
Table I I .  S p e c ific  Heat Treatment Schedules fo r  Hydrogen Exposure
Condition Exposure Code
Unexposed UE
L ig h t Exposure 72 hr a t  550°C In  13.8 MPa hydrogen LE
Normal Exposure 240 hr a t  550°C in  17.2 MPa hydrogen NE
Severe Exposure 1000 hr a t  550°C in  13.8 MPa hydrogen SE
96 hr a t  600°C in 17 .2  MPa hydrogen
Very Severe 1000 hr a t  550°C in  13 .8  MPa hydrogen VSE
Exposure
480 hr a t  600°C in  17 .2 MPa hydrogen
E a r ly  stages o f  hydrogen damage were m onitored  by d e n s ity  
measurements o f the degree of s w e llin g , and are noted in terms o f the 
percent change in  s p e c ific  volume, AV.
Fracture toughness tes ts  to determine jR (Aa) resistance curves 
were perform ed on 25 pe t (V -n o tc h e d ) s id e -g ro o v e d , 25 mm th ic k ,  
compact C{T) te s t  p ieces, machined in  both L-T and S-T o r ie n ta tio n s . 
Crack in i t ia t io n  toughness was estimated from J jc (= Ki c2 /E ')  values, 
in  accordance w ith  ASTM Standard E813-83, where E' (= E / ( l  -  \>2)) is  
the e ffe c t iv e  Young's modulus fo r plane s tra in  and u is  Poisson's 
r a t io .  Crack growth toughness was estimated from the slope o f the 
resis tance c irv e  ( d j /d a ) ,  and is  expressed in  terms o f the tearing  
modulus (7^ = E /cf£ • iU /d a ), in  accordance w ith  the proposed ASTM 
standard (2 1 ) ,  where oq is  the flow s tre s s . In a l l  te s ts , unloading 
compliance methods were used to  monitor crack ex tension.
Rates o f  fa tig u e  crack propagation down to 1 0 " ^  m/cycle were 
measured under manual load shedding conditions using 10 mm th ic k  C{T) 
specimens, machined in  the L-T o r ie n ta tio n . Tests were conducted a t  
50 Hz in room temperature a i r  (22°C, 45 pet re la t iv e  hum idity) a t  a 
load r a t io  (R = Knrn/Kmax) o f  0 . 1 ,  us ing  e l e c t r i c a l  p o te n tia l
methods to  m o n ito r crac k  le n g th  and b ac k-fac e  s t r a in  com pliance 
methods to assess the ex ten t o f  crack closure (described in  r e f .  7 ) .
To p r o v id e  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  th e  b a s ic  
m ic ro s tru c tu re s  and the d is p e rs io n  and s iz e  o f  g ra in  boundary 
m ic ro v o id s , s u i ta b ly  p o lis h ed  s e c t io n s , t h in  f o i l s  and carbon  
e x tra c tio n  re p lica s  were examined using o p t ic a l,  scanning (SEM) and 
tra n s m is s io n  e le c tro n  (TEM) m icroscopy. In  a d d it io n ,  carbon  
e x t r a c t i o n  te c h n iq u e s  w ere em ployed to  s tu d y  th e  c a v 1 ta t e d  
fn te rg ra n u la r  f r a c t u r e  s u r f a c e s  a t  h i g h e r  m a g n i f i c a t i o n  u s i n g  a 
P h i l l ip s  400 scanning tran s m iss io n  e le c tro n  m icroscope (STEM ), 
equipped w ith  an energy d ispers ive X -ray attachment.
3 .3 . RESULTS
3 .3 .1 .  C h aracterization  o f  M c ro s tru c tu ra l Damage
P r io r  to  hydrogen ex p osure , the unattack ed  m ic ro s tru c tu re  
( h e r e a f te r  des ig n ated  UE) was tempered m a rte n s ite  (F ig u re  3 . 1 ) .  
Observation a t  higher m agn ification  {Figure 3 .2 )  revealed coarse MgC 
(Fe r ic h  + M o,Ni,M n,Cr) carbides (~  0 .23  ym In d iam eter) along p r io r  
au s te n ite  g ra in  and m artensite  la th  boundaries, and f in e  needle- 
shaped In tra la th  MgC (Mo ric h  + Fe) carbides (~  0 .08  vm in diam eter) 
in the m a trix . Room temperature mechanical properties  are lis te d  In  
Table I I I .
F o llo w in g  l ig h t  exposure (72  h a t  550°C in  14 MPa hydrogen, 
termed L E ), th e  m ic ro s tru c tu re  remained e s s e n t ia l l y  unchanged, 
alth o u g h  th in  f o i l  TEM re v e a le d  th a t  the p r io r  a u s te n ite  g ra in  
b oundaries were decorated  w ith  bubbles o f  d ia m eter ~  0 .1  ym and 
spacing ~ 0 .6  pm (Table IV ) .  In d ic a tiv e  o f  incubation stages o f  
a tta c k , mechanical p ro p e rtie s , w ith  the exception o f toughness and 
d u c t i l i t y ,  were la rg e ly  unaffected (Table I I I ) .
With more prolonged exposure (240 h) In  17 MPa hydrogen (termed 
N E), coarsen ing  o f  the c a rb id e  d is pe rs io n s^  ty p ic a l  o f  extended  
tem pering, was apparent. Mean M3C and MgC carb ide sizes were 0 .30  ym 
and 0 .12  ym, re s p e c tiv e ly . Methane bubbles, o f  mean diameter 0 .6  ym 
and spacing ~  1 ym, could be re a d ily  detected in  micrographs (Figure 
3 .1 ) .  Gas pressure Inside the bubbles was estimated to be o f  the 
order o f  20 MPa (1 0 ).  With such damage, considerable sw elling  and 
decarburization  were apparent, leading to a 30 pet loss In strength  
and a tw entyfold reduction in  d u c t i l i ty .
D eta iled  m eta llographic examination o f  the e a r ly  stages o f  void  
fo rm a tio n  (LE and NE) In d ic a te d  t h a t ,  a lthough  a l l  boundaries 
ex h ib ited  a r e la t iv e ly  uniform background volume fra c tio n  o f  voids, 
small c lu s ters  o f  microvoids formed p re fe re n t ia l ly  on boundaries 
p a ra lle l to the r o ll in g  p lane, w ith  a mean c lu s te r  spacing o f  ~ 20 
urn. In i t i a l  c lu s te r  sizes o f  a few void spacings In the LE condition
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Table I I I .  Room Temperature Mechanical Properties Before and A fte r
Exposure
Condition
Y ield
Strength
(MPa)
UTS
(MPa) (pe t)
S tra in
Charpy 
Impact 
Toughness 
Upper 
DBTT S h e lf  
(°C ) (J )
Jlc
(kJ/m)
Klc
(MPa/fn)
Tr
(L -T ) 648 767 73.0 1.27 -150 142 208 217 162
(S-T) 630 750 70.0 1.20 - - 170 197 47
(L -T ) 632 748 n .o 0.87 _ . 84 138 14
(S -T ) 630 770 12.5 0.13 - - - 58 1
(L -T ) 440 505 3.5 0.05 . . . 4
(S-T) 440 - - 0.04 - - - 1
(L -T ) 242 315 5.0 - +10 20 - -
(L -T ) 240 310 5.5 - - " - " "
Table IV . H ic ros tru c tu ra l C hara c ter iza tio n  o f  Hydrogen Damage
Condition
Carbon 
Content 
(wt pet)
Volume 
Change, 6V 
(pe t)
Bubble
Size
W
Bubble
Spacing
Grain Boundary 
V o l. F rac t. 
Vfgb
UE 0.250
LE 0.230 0.10 0 .1 0.6 0.02
HE 0.090 2.10 0 .6 1.1 0.25
0.018 2.52 0 .9 0.30
0.009 2.50 0 .9 0.30
grew ra p id ly  w ith  increasing exposure, ev en tu ally  to form fissures  
v ia  coa lescence o f  g ra in  boundary bubbles . In c ip ie n t  f is s u re  
form ation is  shown in  Figure 3 .3  fo r the NE cond ition .
Scanning elec tron  microscopy o f  the fra c tu re  surfaces follow ing  
hydrogen exposure ind icated  an In te rg ra n u lar fib rous or ca vita ted
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fra c tu re  surface along p r io r  au sten ite  g ra in  boundaries, as shown fo r  
the NE s tru c tu re  In Figure 3 .4 ( a ,b ) .  Close examination revealed the 
presence o f  small p a r t ic le s  in  the frac tu re  surface dim ples, which, 
using ex trac tion  re p lic a s  in the STEM, EDS and elec tron  d if fr a c t io n  
techniques, were found to be p r im a rily  Fe-rich  M3C carbides (Figure  
3 . 4 ( c , d ) ) .  T h is  f in d in g  lends support to  th e  no tion  o f  c a rb id e -  
assisted  nucleatlon o f  bubbles, and furtherm ore suggests th at the 
presence o f  carbon in the form o f  the less sta b le  FegC carbide is not 
ra te  lim it in g  in  the e a r l i ( r  stages o f  hydrogen a tta c k .
With prolonged exposure in  17 MPa hydrogen a t  600°C (termed SE), 
struc tu res showed severe damage In d ic a tiv e  o f  rapid attac k  stages, 
i . e . ,  c o n s id e r a b le  s w e l l in g  (AV n, 2 . 5  p e t ) ,  e x t e n s i v e  
d ec arburization , and a m icrostructure devoid o f  i ts  m a rte n s itic  la th  
ch arac ter. Such damage resu lted  in a twofold loss in strength and 
d ra m a tic  decreases in  d u c t i l i t y  (by a f a c to r  o f  15) and im pact 
toughness ( d u c t i le - t o -b r i t t le  tra n s itio n  tem perature, OBTT, increased  
by -v 160°C) (Table I I I ) .  Further increases in exposure time in  17 
MPa hydrogen (VSE c o n d it io n )  re s u lte d  in  no f u r th e r  changes in  
p ro p e rtie s , in d ic a tin g  th a t the damage had reached sa tu ra tio n .
3 .3 .2 .  E ffec ts  o f  P re -E x is tin g  Microvoids on Fracture Toughness
The e f f e c ts  o f  g ra in  boundary m ic ro vo id  fo rm atio n  on crack  
in i t ia t io n  (K ic , J ic )  and growth (T r)  toughness are il lu s t ra te d  by 
the JR(Aa) resistance curves fo r both o rie n ta tio n s  in Figure 3 .5 ;  
data are lis te d  in  Table I I I .  I t  is  apparent th at progressively  
increasing degrees o f  microvoid s ize and dens ity  in the LE and NE 
struc tu res have a devastating In fluence on fra c tu re  toughness. Kic 
values were decreased by fac to rs  o f  up to 6 by prolonged exposure in 
the NE s tru c tu re , the S-T o rie n ta tion s  co n s is te n tly  showing the lower 
toughness. The e f f e c t  on crac k  growth toughness was even more 
s t r ik in g ;  tea rin g  modulus Tr valuei; were reduced by fac to rs  o f  over 
40 in  the NE s t r u c tu r e ,  compared to  b eh a v io r in  th e  unexposed 
c o nd ition .
Fractograp' i c a l l y ,  unattacked surfaces consisted la rg e ly  o f  
primary void growth around MnS in c lu s io n s , linked by in c lin ed  shear 
band regions (vo id  sheets) containing numerous sm aller ob late  voids 
formed a t  carbides (F igure  3 .6 ) .  With lig h t  hydrogen exposure (L E ), 
there was ad d itio n a l evidence o f  in te rg ra n u la r fa c e ts , decorated with  
c lo se ly  spaced 0.1 pm diameter spherical bubbles. Following more 
e x te n s iv e  exposure (N E ), f r a c tu r e  s u rfa ce s  comprised 100 pet 
ca vita ted  in te rg ra n u la r  fa c e ts , the bubbles being somewhat la rg e r  
(■v 0 .6  pm) and more w ide ly  spaced (Table IV ) .  The grain boundary 
volume fra c tio n  o f  vo ids , estimated using the method ou tlin ed  in 
Appendix I I ,  va ried  from n 2 pet in the LE s truc tu re  to ~ 30 pet in  
the SE and VSE stru c tu re s .
The marked reduction  in  toughness with p rogressively coarser 
microvoids appears to be consistent w ith  a change in  the d u c tile
fra c tu re  mechanism, s p e c if ic a l ly  re la te d  to  e a s ie r p la s tic  stra in  
lo c a liz a t io n  in structures containing  methane bubbles. In unattacked 
and m ild ly  a tta c k e d  m ic ro s tru c tu re s  c o n ta in in g  few p r e -e x is t in g  
m icrovoids, f a i lu r e  occurs in the c la s s ic a l d u c tile  manner by primary 
void growth and coalescence. In attacked m icrostructures containing  
extensive mlcrovold d ispers ions, conversely, fa i lu r e  involves almost 
Immediate coalescence o f  p re -e x is tin g  voids along grain  boundaries.
To p ro v ide  a f i r s t  o rd e r m icro -m echan ical model fo r  such 
behavior, we consider a stress -m od ified  c r i t i c a l  s tra in  c r ite r io n  for 
crack in i t ia t io n  by d u c tile  fra c tu re  (2 2 -2 4 ) . Using a co n s titu tiv e  
law fo r  A533B ste e l o f the form:
where the work hardening exoonent, n , is  o f  order 10 ,  we assume f i r s t  
t h a t  th e  H u tc h in so n , R ice and Rosengren (HRR) n o n lin e a r e la s t ic  
s in gu lar f ie ld  (25 ,26 ) dominates the stresses and deformations in the 
v ic in i ty  o f  the s ta tio n a ry  crack t ip  over the m lcrostructu ra l regions 
o f  in te re s t :
c0 and e0 are the flow stress and s t ra in , re s p e c tiv e ly , 6  and e p are 
the e q u iv a le n t  s tre s s  and p la s t ic  s t r a in ,  r e s p e c t iv e ly , a  is  a 
m a te ria l constant o f  order u n ity , J is  the path independent in te g ra l.  
In  is  an in teg ra tion  constant weakly dapendent on n, and is a 
dimensionless angular function  o f  n and 0 . Values o f the l a t t e r  two 
functions are documented elsewhere (2 7 ),  although fo r  the present 
s te e l.  In  is  approximately 4 .5 .
To model f a i l u r e ,  we c o n s id e r the onset o f  d u c t i le  crack  
extension, a t  J = J ic . where the local equ ivalen t p la s tic  s tra in  ep 
exceeds a c r i t i c a l  f r a c tu r e  s t r a in  or d u c t i l i t y  £ f ( o /3 )  over a 
c h a ra c te r is t ic  m lcrostructura l dimension 10 , comparable w ith  the mean 
spacing o f  the void i n i t i a t i n g  p a r t ic le s  (F ig u re  3 . 7 ) .  The 
d u c t i l i t y ,  however, is  s p e c i f ic  to  th e  a p p ro p r ia te  degree o f  
t r i a x ia l l t y  In  the region o f the crack t ip ,  defined in terms o f the 
r a t io  o f  h y d ro s ta tic  s t r e s s ,  cr, to  e q u iv a le n t  s t r e s s , 5 ( 2 3 ) .
F o llo w ing  R itc h ie  e t  a l .  ( 2 4 ) ,  th is  Im p lie s  t h a t ,  f o r  f a i l u r e  
p rim a rily  by microvoid coalescence in a m ateria l with high n , the 
fra c tu re  toughness can be expressed as:
(3 .1 )
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J lc  “  a0 4  fcD
(3 .3 )
where the constant o f  p ro p o rtio n a lity  Is  given by I n/ e j j .  Restated in  
terms o f stress In te n s ity , th is  gives (2 4 ):
where the constant o f  p ro p o rtio n a lity  is  now ( In /e f j ) ® 1®.
E v a lu a tio n  o f  Eqn. 3 .4  in v o lv e s  e s tim a tin g  6 f  and 1$ . In  
previous analyses ( 2 3 ,2 4 ),  e f  has been estimated experim enta lly  by 
d e te rm in in g  the change in  d u c t i l i t y  w ith  s t r e s s -s t a t e ,  using  
c ircu m feren tia lly -n o tc h ed  te n s i le  specimens fo r example, and choosing 
e? as the value o f  d u c t i l i t y  appropriate to  the s tre s s -s ta te  in  the 
v ic in i ty  o f  the crack t ip .  In  the absence o f  such d ata , th is  local 
f r a c tu r e  s t r a in  ( r e le v a n t  to a f r a c tu r e  process re g io n  w ith in  a 
couple o f crack t ip  displacements from a b lun ting  crack t ip )  can be 
estimated (28 ) from the u n iax ia l frac tu re  s tra in s  lis te d  in  Table I I I  
using Rice and Tracey 's ana lysis  (29) fo r  the ra te  o f  void expansion 
in  a t r i a x i a l  s t re s s  f i e l d .  Th is approach assumes, f o r  a f ix e d  
d is tr ib u t io n  o f  p a r t ic le s , th a t the fra c tu re  s tra in  a t  in i t ia t io n ,  
i . e . ,  a t  the po int o f  void impingement, is  given 6y:
w h e re  Dp and d p a r e  th e  mean v o id  d ia m e t e r  and s p a c in g ,  
re s p e c tiv e ly . Using Eqn. 3 .5 , c r i t i c a l  frac tu re  s tra in s  ahead o f  the 
crack t ip  (where from Rice and Johnson's (30 ) and McMeeking's (31) 
blun ting  so lu tio n s , a /d  is  around u n ity ) w i l l  thus be on the order 
o f 2 .9  times sm aller than the u n iax ia l fra c tu re  s tra in s  (where o /o  
is  0 . 3 ) .  Estimated values o f  the crack t ip  fra c tu re  s tra in s  are 
lis te d  in Table V. Also lis te d  are the c r i t i c a l  crack t ip  opening 
displacem ents, computed from 6t  85 0.54J/Oo (3 1 ).  Note th a t the 
e f fe c t  o f  methane gas pressure on void growth has been Ignored, as 
the In te rn a l pressures are small compared to the crack t ip  stresses.
Using such values o f  e f  and tak ing  E i j  to be o f  order 0 .1  fo r  
i n i t i a l  coalescence between 0 and 45 degrees to the crack plane (such 
th a t ( I n / e i j ) 0 ,5  is  o f  order 6 to  7 ) ,  Eqn. 3.4 is  evaluated in Figure
3.8  by p lo ttin g  the observed toughness versus (E 'S f  @o) » Two
separate lin e a l segments are apparent. At high toughnesses, fa i lu r e
(3 .4 )
gf  “  0 .28  exp(1 .5 oToT
Mdp/Dp) (3 .5 )
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Table V. Crack T ip  Parameters a t  Fracture
Condition
CMPa/E)
fit
(pm)
e f ( r / 6t ) *
( 1 )
UE (L -T ) 217 150 0.44 0.43 60a
(S-T) 197 130 0.42 0.51 69a
LE (L -T ) 138 70 0.30 0.79 55-
(S -T ) 58 10 0.05 2.10 l l b
NE (L -T ) 57 15' 0.02 3.00 33b
(S-T) 30 5 0.01 3.00 15b
8from Eqn. 3 .6 , bfrom Eqn. 3 ,4 .
occurs by the primary growth o f vo ids, u n ti l coalescence by shear 
lo c a liz a t io n  along sm aller microvoids around carb ide p a r t ic le s . In
th is  regime, a c h a ra c te r is t ic  d istance o f  order 60 um Is  apparent.
Although primary inclusion  spacings In  A533B may be somewhat rm a lle r , 
t h is  f ig u re  is  not unreasonable fo r  the spacing o f  the la r g e s t ,  
ac tive  v o id - in it ia t in g  p a r t ic le s . However, i t  is  in  con tras t wilih 
behavior in  u ltra h ig h  strength s te e ls  where the la rg er inclusions 
play a re la t iv e ly  minor ro le  ( fo r  fra c tu re  ahead o f a sharp cracli) 
and c h a ra c te r is t ic  dimensions are on the order o f  the spacing o f  the 
f in e r  carbide p a rt ic le s  (3 2 ) .  Thus 1n l ig h t ly  exposed s tru c tu re s , the 
r o le  o f  the secondary netw ork o f  p r e - e x is t in g  m icrovo ids is  1:o 
provide a mechanism fo r  e a r l ie r  lo c a liz a t io n , and hence fo r e a r l ie r  
coalescence, o f  the primary vo ids, re s u lt in g  in reduced toughness.
A t low toughnesses, f a i lu r e s  c o n s is t  alm ost e n t i r e ly  o f
coalesced bubbles along g ra in  boundaries with l i t t l e  or no primary 
void growth. The c h a ra c te r is t ic  distance in th is  regime appears to 
be s ig n if ic a n t ly  sm aller and s im ila r  to the void c lu s te r spacing o f  
20 ym (F igure 3 .3 ) .  Here the r e la t iv e ly  high volume fra c tio n  o f pre­
e x is tin g  microvoids reduces the local d u c t i l i t y  such th a t d ire c t  
coalescence can occur very ra p id ly  v ia  lo c a liz a t io n  o f  p la s tic  s tra in  
w ith in  the ca v lta te d  grain  boundary regions. As n e g lig ib le  p la s tic  
s tra in s  are required fo r  e ith e r  the in i t ia t io n  or growth o f vo ids, 
s ig n if ic a n t  reductions in toughness become apparent.
Such toughness b eh a v io r is  e s s e n t ia l l y  c o n s is te n t w ith  the  
an a lysis  o f Needleman and Tvergaard (33 ) fo r  d u c tile  fra c tu re  in
m a te ria ls  containing both inc lusions and sub-micron carb ides. Here a 
reduction in the c r i t i c a l  s tra in  to In i t i a t e  voids in the carbides 
led  to  s u b s ta n tia lly  lower lo c al fa i lu r e  s tra in s  w ith in  the high 
t r ia x ia l  stress f ie ld  o f  a crack t ip ,  due to  accelerated  coalescence
o f  p rim a ry  v o id s . However, 1n the p res en t s tu d y , th e  d ram atic  
d iffe re n c e  In toughness o f the two o rie n ta tion s  o f  the LE condition  
does no t appear  to  be consistent w ith  the small d iffe ren c e  in  grain  
boundary microvoid volume frac tion s  observed. In  a d d itio n , the ro le  
o f  the m icrovo id  c lu s te rs  1n p ro v id in g  a c t iv e  d u c t i le  fra c tu re  
in i t ia t in g  s ite s  requires closer exam ination.
The l a t t e r  q u es tion s  are  examined in  terms o f  th e  re ce n t 
ana lyses o f  p la s t ic  flow  lo c a l i z a t io n  due to  n o n -un ifo rm  void  
d is t r ib u t io n s  in  an e l a s t i c - p la s t i c  s o l id .  S p e c i f ic a l ly ,  the  
in v e s t ig a t io n  o f  Ohno and Hutchinson {3 4 ) in to  the r o le  o f  void  
c lu s ters  in  promoting In c ip ie n t flow lo c a liz a t io n  in a voided s o lid , 
from the two extrem es o f  a b i f u r c a t io n  s o lu t io n , ob ta in ed  fo r  a 
uniform void d is tr ib u tio n  (3 5 ),  to  the s u b s ta n tia lly  reduced c r i t i c a l  
s tra in  from lo c a liz a t io n  predicted by in f in i t e  band c a lc u la tio n s  o f  
a non-uniform void d is tr ib u tio n  (3 6 ,3 7 ),  is  considered. In  these 
analyses, i t  is  shown th a t even small microvoid c lu sters  may Induce 
premature lo c a liz a t io n  and hence reduced d u c t i l i t y ,  p a r t ic u la r ly  a t  
the high stress t r ia x la l i t i e s  ty p ic a l o f  the region close to a crack 
t ip  In  plane s tra in .
A lth o u g h  Ohno and H u tc h in s o n ' s modul ( 3 4 )  is  based on a 
s im p lif ie d  representation  o f  a voided m a te r ia l, the d u c t i l i ty  resu lts  
may nevertheless be employed in  the stress-m odified  c r i t i c a l  s tra in  
model to provide some in d ic a tio n  o f the trends in  fra c tu re  toughness 
t h a t  may be e x p e c te d  from  a u n ifo rm  v o id  d is p e r s io n  and th e  
subsequent In fluence o f  void c lu s te rs . In p a r t ic u la r , the c r i t i c a l  
s tra in  a t  in c ip ie n t p l a s t i c  s t r a i n  local N a t io n , ( t z °  )cr>  predicted  
by r e f .  34 ( fo r  a stress sta te  given by ov *  o . = oz/ 4 ) ,  is  used in  
place o f  g f  in Eqn. 3 .4 .
By f i r s t  considering a uniform void d is tr ib u tio n  (b ifu rc a tio n  
s o lu t io n )  and a c o n s ta n t c h a r a c t e r is t ic  d is ta n c e , the decay in  
in t r in s ic  toughness w ith  Increasing uniform void volume fra c tio n , as 
predicted  from Eqn. 3 .4 , is  shown by the so lid  l in e  In  Figure 3 .9 .  
I t  Is  ap p a ren t t h a t ,  fo r  i n i t i a l  m ic ro vo id  fo rm atio n  (volume 
fra c tio n s  up to 0 .0 1 ) ,  marked decreases In  toughness o f  up to 25 pet 
are to be expected, although fu rth e r  degradation requires f a i r l y  
la rge increments in  the void volume fra c tio n  (as the function  becomes 
asymptotic with the h o rizon ta l a x is ) .  By considering the ad d itiona l 
e f fe c t  o f  small microvoid c lu s te rs , the Hutchinson and Ohno (34) 
an a ly sis  (uniform  band so lu tio n ) p red icts  s ig n if ic a n t ly  diminished 
toughness values, as shown by the upper broken l in e  1n Figure 3 .9 .  
The lower broken l in e  in d ic ates the sy n erg is tic  e f fe c t  o f  an increase 
in  th e  m icrovo id  c lu s t e r  volume f r a c t io n  and a decrease in the  
c h a r a c t e r is t ic  d is ta n c e  ! 0 from 70 pm to  20 urn, s im i la r  t o  th a t 
obtained in  the present study. I t  1s immediately apparent th at the 
d ra m a t ic  d e c re a s e  in  c r i t i c a l  d u c t i l i t y  p re d ic t e d  s i t h  th e  
development o f  m icrovoid c lu sters  by th is  model (34) is  re fle c te d  in  
a s im ila r  decrease in  the in t r in s i c  f r a c tu r e  toughness o f  the  
m a te r ia l.
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From these c o n s id e ra t io n s , i t  is  ap p a ren t th a t  the marked 
d e te r io ra t io n  In in t r in s ic  toughness w ith  hydrogen attack damage can 
be ra tio n a lize d  by the Increased volume fra c tio n  o f p re -e x is tin g  
m ic ro v o id s , and p a r t ic u la r ly  sm all m icrovo id  c lu s t e r s ,  In  the  
m ic ro s tru c tu re . S p e c i f ic a l ly ,  th e  s ig n i f i c a n t  d if fe r e n c e  in  
toughness o f the LE s truc tu re  in the L-T and S-T o rie n ta tion s is 
consistent w ith  the lo c ation  o f  the microvoid c lu s te rs ; th e ir  e f fe c t  
is  p a r t ia l ly  masked In  the L-T o r ie n ta tio n  where the crack plane cuts 
v e r t ic a l ly  through them (F igure 3 .1 0 ).
The s tre s s -m o d if ie d  c r i t i c a l  s t r a in  approach used above fs  
a p p ro p r ia te  provided  th e  c r i t i c a l  f r a c tu r e  processes occur in  a 
region dominated by HRR f ie ld s ,  ty p ic a lly  26 t < r < 86 t .  However, 
estim ates o f the crack opening displacements, 6 t ,  which range from 70 
to  150 ym in  the h igh toughness regime to  5 to  15 ym in  the low  
toughness regim e (T a b le  V ) ,  in d ic a te  t h a t  HRR f ie ld s  may not be 
dominant in a l l  cases over the scale o f  fra c tu re  events. At low 
toughnesses, the c h a ra c te r is t ic  d istance is  g enerally  la rg e r  than 6t ,  
such t h a t  th e  HRR f ie ld s  would be expected  to  be c o n t r o l l in g .  
However, i n  the  high toughness reg ime,  the c h a ra c te r is t ic  distances 
are  w e ll w ith in  two crack t ip  d is p lac em e n ts o f  the crack t i p ,  
Im plying th a t the c r i t i c a l  events occur in  the f in i t e  s tra in  f ie ld  
gevernad by the b lun ting  so lutions (3 0 ,3 1 ). Following Lee e t  a l .  
(3 2 ) ,  the c r i t i c a l  s tra in  lo c a l fa i lu r e  c r ite r io n  now gives the 
d u c t ile  frac tu re  toughness as:
( r /a  '
(3 .6 )
where ( r / 6t )  is  the c r i t i c a l  value o f  ( r / t i t )  corresponding to  ip  = 
c'f in the f in i t e  s tra in  region. Estimates o f ( r / ‘$t) were obtained  
using the s tra in  d is tr ib u tio n s  o f  Rice and Johnson (30) and McMeeklng 
(3 1 ) ,  fo r I n i t i a l  void coalescence between 0 and 45 degrees to the 
cra c k  p la n e . By s e t t in g  r  = 10 , c h a r a c t e r is t ic  d i s t a n c e s  were 
re ca lcu la ted  fo r  m icrostructures In the higher toughness regime and 
these a re  l is t e d  In  Tab le  V along  w ith  t h e i r  re s p e c tiv e  ( r / 5 t )  
values. I t  is  apparent th a t whereas the f in i t e  s tra in  c r ite r io n  Is 
more appropriate to  microscopic fa i lu r e  processes In the vnexposed 
-,id l ig h t ly  damaged m icrostructu res, values o f 1q remain o f the order 
o f  60 ym.
3 .3 .3 .  E ffe s t t>f P re -E x is tin g  Microvoids on Fatigue Crack 
Propagation
The corresponding e f fe c t  o f  progressively coarser d is tr ib u tio n s
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o f  g ra in  boundary microvoids on crack growth under c y c lic  loading is 
shown in  Figure 3 .1 1 , w ith  threshold data lis te d  in  Table VI (1 1 ).  
By com paring beh a v io r a f t e r  pro longed hydrogen exposure {NE 
stru c tu re ) w ith  the unexposed s truc tu re  (UE) In  Figure 3 .1 1 (a ) ,  pre­
e x is tin g  microvoids can be seen to  have l i t t l e  in fluence on fa tig u e  
c ra c k  p r o p a g a t io n .  Above i  lO - 9  m /c y c le ,  g ro w th  r a te s  w ere  
id e n t ic a l, whereas a t  near-threshold  le v e ls  below ■v 10- 9 m /cycle, 
th e re  was a m arg inal in c rea se  in  growth ra te s  in  the damaged 
m icrostructu res. S u rp ris in g ly , th is  minimal reduction in fa tigue  
resis tance w ith  increasing  grain  boundary microvoid formation was not 
accentuated with more severe degrees o f damage in  the SE and VSE 
m icrostructu res, although above 10"° m /cycle the la t t e r  s tructures do 
show a c c e le ra te d  p ro p ag a tio n  ra te s  as K ic is  approached (F ig u re  
3 .1 1 (b ) ) .
Table V I .  Threshold Data fo r  Hydrogen Attacked and Unattacked Steel 
D isplaying Increasing  Degrees o f  Microvoid Formation
Condition
Nominal
<% % )
Maximum
Kc V Kmax
Lineal
Roughness
E ffe c tiv e
UE 7 .8 0.52 1.07 4.2
NE 6 .8 0.59 1.05 3.1
SE 7 .0 0.73 1.52 2.1
VSE 7.0 0.70 1.51 2.3
*R atio  o f to ta l  
te n s i le  s tress .
crack length to  projected length on plane o f  maximum
F ractography a s s o c ia te d  w ith  the fa t ig u e  f a i lu r e s  a t  n ea r­
threshold and higher growth ra te s is  shown in  Figure 3 .1 2 . Fatigue  
s u r fa c e s  a r e  s i m i l a r  in  th e  UE and NE s t r u c t u r e s  and a re  
predominantly t ra n s g m u la r .  In the more hea v ily  attacked SE and 
VSE s tru c tu re s , however, surfaces become predominantly in te rg ra n u la r ,  
w ith  g ra in  boundary s u rfa c e s  decorated  w ith  ev idence o f  methane 
b ub b les . Such c a v ita te d  in te r g r a n u la r  fa c e ts  p e rs is t  to  n e a r­
threshold le v e l:  where there is  ad d itio n a l evidence o f  abrasion, 
presum ably due to  the so ften ed  c o n d it io n  o f  th e  h e a v i ly  damaged 
decarburized m a te r ia l,
The lack o f  a marked d e te r io ra t io n  in  fa tig u e  crack propagation 
resistance w ith  Increasing grain  boundary microvoid formation is  a t  
f i r s t  s ight unexpected, p a r t ic u la r ly  in  l ig h t  o f the dram atic e f fe c t  
on toughness described above. 2 However, crack closure measurements 
(F igure 3 .13 ) revealed th a t much higher closure stress In te n s itie s
2At high stress in te n s ity  ranges, severe ly damaged structures do show 
a c c e le ra te d  growth r a te s .  Th is is  a d ir e c t  consequence o f  the  
decreased toughness, since growth ra tes are in v a r ia b ly  enhanced as 
Kmax ap p ro a ch e s  K ic ( 3 8 , 3 9 ) .  In  d a m a g e - to le r a n t  l i f e t i m e  
c a lc u la t io n s , however, th is  regime gen e ra lly  has l i t t l e  impact on 
o v e ra ll l i f e  as crack extension rates are too ra p id .
were developed in voided s tru c tu re s , compared to undamaged and IE  
cond itions. Since crack closure provides a potent mechanism fo r  
"sh ie ld ing" the crack from the f u l l  applied "d riv in g  fo rce " , the 
e f fe c tiv e  stress in te n s ity  range a c tu a lly  experienced a t  the crack 
t ip  must be reduced in severe ly voided stru c tu re s , and th is  w il l  act 
to  o f fs e t  the decreased in t r in s ic  resistance o f  these microstructures 
to crack growth (4 0 ).  This is  apparent by examining values o f the 
e f fe c tiv e  stress in te n s ity  range at the th resho ld , defined in terms 
o f  AKeff = Kmax -  K cl» where Kci > Kmin  (Table V I ) .  Once closure is 
subtracted ou t, crack growth resistance decreases p rogressively with  
increasing  damage.
M e c h a n is t ic a l ly ,  th e  enhanced crack s h ie ld in g  in  s e v e re ly  
damaged structures can be a ttr ib u te d  to several fa c to rs . F ir s t ,  the 
extensive decarburization  causes marked so ften in g , which can promote 
c o n tr ib u t io n s  to  c lo s u re  Induced by c y c l ic  p la s t ic i t y  ( 4 0 ) .  
Moreover, lower strength s te els  tend to  su ffe r more abrasion between 
f ra c tu re  surfaces (4 1 ) ,  which re s u lts  in  excess f r e t t in g  debris and 
hence more oxide-induced closure (1 2 -1 4 ). However, the p rin c ip a l 
fa c to r  responsible fo r "sh ie ld ing" in  heavily  grain boundary voided 
struc tu res is  associated with a s u b s ta n tia lly  rougher crack path 
morphology where the crack follows an Ir re g u la r  path around cavita ted  
grain  boundaries (1 0 ). This is  i l lu s t ra te d  in  Figure 3.14 by an 
extrem ely tortuous crack path p ro f i le  fo r the SE s truc tu re  ( l in e a l  
roughness o f  over 1 .5 )  in  con tras t to com paratively l in e a r  paths in  
the UE and NE struc tu res ( l in e a l roughnesses o f  order u n ity ) .
The e x t r in s ic  b e n e fi ts  o f  a m eandering crac k  path a re :  ( i )
growth rates are e f fe c tiv e ly  reduced by the longer path length o f  the 
c rac k , ( 11) the lo c a l s tress in te n s ity  a t  the t ip  is reduced (from  
crack d e fle c tio n  mechanics) whenever the crack deviates from the 
plane o f  maximum te n s ile  stress (4 2 ) ,  and most Im portantly ( i l l )  the 
lo c a l stress in te n s ity  range is  reduced due to enhanced roughness- 
induced crack closure (15 -1 7 ) from mismatch between geom etrica lly  
i r r e g u la r  crac k  s u r fa c e s , aided  by in e la s t ic  crack t ip  shear 
displacements (4 3 ).
Modeling the in fluence o f  m ic rostructu ra l damage from a grain  
b o u nd a ry  m ic ro v o id  d is p e r s io n  on c y c l ic  c ra c k  e x te n s io n  is  
complicated by opposing in t r in s ic  and e x tr in s ic  fa c to rs . In the 
present work, changes in  crack growth resistance are estimated by 
comparing p red ictions o f  the ex ten t o f  crack ti^ , sh ie ld ing  with the
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observed growth ra te  behavior. The la t t e r  p red ictions are achieved 
by co n s id e rin g  c u rre n t  models fo r  th e  re s p e c tiv e  ro le s  o f  crack  
d e fle c t io n  (42 ) and consequent roughness-induced crack closure (1 7 ).
Based on a l in e a r  r lc s t ic  two-dimensional model, Suresh (42) has 
re ce n tly  examined the ro le  o f  crack d e fle c tio n  in fa t ig u e , both in  
terms o f the reductions in lo c a l stress in te n s ity  and the apparent 
changes in crack propagation ra te s . For an id e a lized  non-planar 
crack with period ic  t i l t s  through an angle tp, where the lengths o f  
the lin e a r  and d e flected  segments are c and s , re s p e c tiv e ly , the 
e ffe c tiv e  stress In te n s ity  range, 4k , in each segment o f  span (c + s) 
was shown to  be r e la te d  to  th e  nominal f a r - f i e l d  AK through the  
expression:
w ith  the a p p a ren t average p ro p ag a tio n  r a te  o f  th e  t i l t e d  crack  
(d a /d N ), due to  the longer crack path , given by:
where (da/dN)L Is  the growth ra te  u f the l in e a r  (undeflec ted ) Mode I 
crack (1 2 ),  Corresponding modeling fo r  the fra c tu re  surface contact 
generated by the deflected  crack has been a, I ’ ysed by Suresh and 
R itc h ie  (17) using a sim ple, two-dimensiona: geometric model fo r  
roughness-induced crack closure . By assuming equal-sized  frac tu re  
surface a s p e r itie s , o f  height h and width w, the non-dimensional 
closure stress in te n s ity  a t  the po int o f  f i r s t  a s p e rity  contact on 
unloading Is  given by:
where y is the non-dimensional surface roughness parameter, defined  
as (h /w ), and X is  the ra t io  o f  Mode I I  to  Mode I  in e la s tic  crack t ip
(3 .7 )
(3 .8 )
(3 .9 )
displacements.
Such considerations o f  crack t ip  sh ie ld ing  v ia  crack d efle c tio n  
and closure are applied to the present crack growth ra te  behavior o f  
th e  s o l id  (UE) and voided (SE) m ic ro s tru c tu re s  In  F ig u re  3 .1 5 .  
F ir s t ,  using the experim enta lly  measured closure data In  Figure 3 .13 , 
pro p ag a tio n  ra te s  are  re p lo tte d  In  term s o f  an e f f e c t iv e  s tre s s  
in te n s ity  range, AKef f ,  In  Figure 3 .1 1 (a ) ,  thereby demonstrating the 
s ig n if ic a n t ly  lower in t r in s ic  crack growth resis tance o f the voided 
m ic ro s tru c tu re s  once the e x t r i n s i c  s h ie ld in g  e f f e c t  is  removed. 
Second, the ro le  o f  d e fle c tio n  is  assessed by applying Eqns. 3 .7  and
3 .8  to  such da ta , using the crack path p ro f ile s  in  Figure 3 .1 4 . The 
da/dN re su lts  fo r the UE condition  are taken as a reference l in e  with  
tp = 0 deg, since the crack path is e s s e n tia lly  l i r . ja r  (see Figure 
3 .1 4 ) .  With d e fle c tio n  o f  such a l in e a r  crack, the reference fatigue  
crack growth curve w il l  be sh ifted  to the r ig h t  to  a degicc dependent 
upon the d e f le c t io n  a n g le  <p and c / ( c  + s ) .  Q u a n tify in g  the 
d e fle c tio n  o f  the c r ic k  path in  the SE microstructuna ( e .g . ,  from 
F ig u r e  3 . 1 4 ( c ) )  is  com plex because th e  e x t e n t  o f  c ra c k  path  
meandering Is  not uniform and tends to be more pronounced a t  lower 
growth r a te s .  Howev , s in c e  the crac k  d e f le c ts  along  g ra in  
boundaries, c w i l l  be approximately a grain  d iam eter. Accordingly, 
ty p ic a l values o f  <p are taken between ' '  and 75 deg w ith  c / (c  + s) 
between 0 .25  and 0 .5 0 . R esulting p red ictions o f  the con tribu tion  
from d e fle c tio n  on ly are p lo tte d  in  Figure 3 .1 5 (b ) . Comparison o f  
F ig u re s  3 .1 5 (a )  and 1 5 (b ) g ives an In d ic a t io n  o f  the r e la t iv e  
contribu tions o f  crack d e fle c tio n  and crack closure to  crack growth 
behavior In severely voided m icrostructu res. I t  is  apparent th at  
even with large degrees o f  d e fle c t io n , the p rin c ip a ) source o f  crack  
t ip  sh ia ld ing  arises in  t i l s  case from the crack closure e f f e c t ,  
r a t h e r  th an  any m a jo r  re d u c t io n  in  6 K from  c ra c k  d e f le c t io n  
mechanics.
The p red ictions o f  the reduction in lo c a l "crack d riv in g  force" 
c le a r ly  are f i r s t  o rder, due to the s im p lic ity  and two dimensional 
nature o f the models and the experimental u n ce rta in ty  in  closure  
measurements. However, the approach is  in s tru c tiv e  as I t  enables 
some ra nk in g  o f  the r e la t iv e  c o n tr ib u t io n s  o f  v a rio u s  s h ie ld in g  
mechanisms. Moreover, i t  demonstrates the very potent e f fe c t  o f  
crac k  t ip  s h ie ld in g  In  o f f s e t t in g  the low er i n t r in s i c  f ra c tu re  
re s is ta n c e  o f  e x te n s iv e ly  vo id  damaged s t r u c tu r e s , where crack  
advancc can proceed a t  low stress in te n s ity  le v e ls .
3 .4 .  CONCLUDING REMARKS
This study p ro v ide s  evidence t h a t ,  a lth o u g h  the presence o f  
en v iro n m e n ta lly -in d u c e d  g ra in  boundary m icrovo ids can m arkedly  
degrade fra c tu re  toughness, the ro le  o f  such m icrostructu ra l damage 
in ac ce le ra tin g  s u b -c r itic a l crack growth under c y c lic  loads may be 
considerably less po ten t. This a r ise s  fro a  a eutual competition o f
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In t r in s ic  mechanises, where a d ispersion o f  microvoids accelerates  
crack advance by lowering the in t r in s ic  m icrostructu ra l resis tance to  
f ra c tu re , and e x tr in s ic  mechanises, where the consequent generation  
o f  crack t ip  sh ie ld in g  through crack d e fle c tio n  and c losure , re tards  
crack advance by lowering the e ffe c tiv e  "d riv in g  force" a c tu a lly  
exp erien c ed  a t  the crac k  t i p .  In  m e ta ls , the in f lu e n c e  o f  the  
e x tr in s ic  mechanisms on fra c tu re  toughness is  g enerally  minimal due 
to  th e ir  high in t r in s ic  toughness, whereas during s u b -c r itic a l crack 
growth, which occurs a t  much lower stress in te n s it ie s , sh ie ld ing  can 
assume f a r  g re a te r  re le v a n c e . In  m a te r ia ls  o f  low in t r in s i c  
to u g h n e s s , c o n v e r s e ly ,  e x t r i n s i c  m echanism s p ro v id e  m a jo r  
contribu tions to fra c tu re  toughness as w e ll , as fo r example shown by 
the processes o f  transfo rm ation , microcrack and ligament toughening 
in  ceramics ( e .g . ,  re fs . 8 and 9 ) .
C'ther examples o f the o f fs e t t in g  e ffe c ts  o f  environm entally- 
induced m icrostructura l damage and re s u ltin g  sh ie ld ing  phenomena are 
the f a s te r  n e a r - th re s h o ld  p ro p ag a tio n  ra te s  observed in  lower 
strength s te e ls  tested  in  dry helium gas compared to moist a i r ;  3 
consequence o f  increased f re t t in g  oxida tion  debris formed on the 
crack surfaces, which promotes oxide-induced closure and o ffs e ts  
moisture-induced hydrogen-assisted growth in the a i r  environment (12-  
14 ). S im ila r ly , higher strength s te e ls , cycled a t  near-threshold  
le v e ls  in ambient pressure gaseous hydrogen, o ften  show fa r  less  
evidence o f  accelerated  growth ra te s , compared to hydrogen-assisted  
crack advance under monotonic loading , simply because the re s u ltin g  
hydrogen em brittlem ent gives r is e  to an in te rg ra n u lar crack path, 
which acts to re ta rd  c y c lic  crack growth through enhanced roughness- 
induced c lo s u re  ( 4 4 ) .  F in a l ly ,  c lo s u re  due to  the hydrodynamic 
a c t i o n  o f  f l u i d s  i n s id e  th e  c r a c k  may a l s o  c o u n t e r  th e  
environm entally -assisted  con tribu tion  to corrosion fa tig u e  crack 
growth in  l iq u id  environments. Such flu id -induced  closure has been 
dem onstrated in  v iscous en v iro n m e nts , and w ith  s u f f ic i e n t  f lu id  
penetration  in to  the crack can lead to values o f  Kci approaching 50 
pet o f  Kmax (1 8 ).
3 .5 . COHClUSIOeS
B as ed  on a s tu d y  o f  th e  in f l u e n c e  o f  g r a i n  b o u n d a ry  
d is tr ib u tio n s  o f  m icrovoids, induced by damage from hydrogen a tta c k , 
on fra c tu re  toughness and fa tig u e  crack propagation in a quenched and 
tempered ASTM A533B Class 2 s te e l,  the follow ing conclusions can be
1 . The i n t r in s i c  toughness o f  A531B is  s e v e re ly  degraded by the  
presence o f  p r e -e x is t in g  ' .  • 1bu tions o f  m ic ro vo id s . Such 
microvoid d is tr ib u tio n s  proi. \  he e a r l ie r  onset o f  p la s tic  
s tra in  lo c a liz a t io n  o f  the in te rv o id  m a trix , a process which is
exacerbated tv the presence o f  small m icrovoid c lu sters  in  the 
h ig h ly  t r ia x ia l  stress s ta te  ahead o f  a crack t ip .
M ild  degrees o f  damage, in  the form o f  2 pet volume fra c tio n  o f  
p r e -e x is t in g  g ra in  boundary m ic ro v o id s , le d  to  30 to  90 pet 
losses in d u c t i l i ty  and to  reductions in both crack in i t ia t io n  
and crac k  growth f r a c tu r e  toughness, f r a c tu r e  o c c u rrin g  by 
c la s s ic a l prim ary void growth and coalescence.
Severe damage, In the form o f  25 to  30 pet volume fra c tio n  o f 
p re -e x is tin g  grain boundary microvoids, led to  abrupt losses in 
d u c t i l i t y  (b y  > 9 0  p e t ) ,  even la r g e r  r e d u c t io n s  in  c ra c k  
i n i t i a t i o n  and growth toughness (b y  fa c to rs  o f ~ 6  and ~  40 , 
re s p e c tiv e ly )t with frac tu re  occurring by extensive in te rg ra n u lar  
c a v ita tio n .
D esp ite  the d ram atic  in f lu e n c e  on i n t r in s i c  toughness, even 
severe  degrees o f  p r e - r x is t in g  m icrovo id  damage had l i t t l e  
ap p a ren t In f lu e n c e  on f a t ig u e  crack p ro p ag a tio n  r a te s .  In  
m icrostructures showing a 30 pet grain  boundary volume frac tion  
o f  m icrovoids, only minor increases In  crack growth rates were 
observed below ~  10-9 m /cycle and above ~ 10"7 m /cycle , and were 
as s o c ia te d  w ith  to r tu o u s , c a v ita te d  in te r g r a n u la r  f ra c tu re  
surfaces and large Increases in  measured crack closure .
The su rp ris in g ly  small In fluence o f  d is tr ib u tio n s  o f  p re -e x is tin g  
m ic ro vo id s  on fa t ig u e  crack p ro p ag a tio n  was a t t r ib u t e d  to  a 
mutual competition between In te rg ra n u la r void-induced damage, 
which acce le rates growth ra tes by lowering the In t r in s ic  crack 
growth resistance o f the m icrostructu re , and crack sh ie ld ing  from 
the  consequent d e v ia t io n  o f  th e  crack p a th , which ac ts  to 
decelera te  growth rates by e x t r in s ic a lly  lowering the e f fe c tiv e  
lo c a l "crack d r iv in g  fo rc e " . From sim p le  models o f  crack  
d efle c tio n  and roughness-induced c losure , crack closure from the 
tortuous nature o f the ca v ita te d  in te rg ra n u la r crack path is  
shown to  provide the p rin c ip a l source o f sh ie ld in g .
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3 .7 .  APPKHDIX I
Crack T ip  Shie ld ing  due to  a Crack T ip  Zone o f  Microvelds
The extent o f  e x tr in s ic  toughening from the in s i tu  formation o f  
microvoids in a zone surrounding the crack may be approximated by 
ap p lic a tio n  o f  models developed fo r m icrocrack toughening in  b r i t t le  
m a te ria ls  (9 ) .  In the present a n a ly s is , only an in i t i a l  In d ic a tio n  
o f  the sh ie ld ing  w i l l  be attempted; a more rigorous app lica tion  o f  
zone sh ield ing  models using J - ln te g ra l techniques appropriate to 
d u c t ile  m a te ria ls  (4 5 ,4 6 ) is  beyond the scope o f  the present study.
C alculations are based on the o r ig in a l model o f  Evans and co­
w orkers ( 4 7 ,4 8 )  f o r  toughening d e riv e d  from a d i la t a n t  phase 
transform ation in  a zone surrounding a crack. The model Is  modified  
to account fo r the e f fe c t  o f void formation on reducing the bulk 
modulus, B, in the process zone (4 9 ) ,  and assumes uniform void size  
and
4 For damage from hydrogen a tta c k , the small e f fe c t  o f  the methane gas 
pressure w ith in  the vo ids, which w il l  tend to o ffs e t th is  reduction  
in  '..ulk modulus, have been ignored.
i o f a crack surrounded by i 
d i l a t a n t  zone is  shown in  F ig u re  3 .A 1 . The r e s u l t in g  s t r e s s  
associated w ith  the formation o f  vo ids, In  a zone constrained by a 
r ig id  surrounding m a trix , Is  g iver by (4 9 ):
eB e f f  , O .A l)
where e is  the to ta l unconstrained d ila t io n a l s tra in  o f the voids, 
and 8e f f  is  the e ffe c tiv e  bulk modulus o f the process zone a f te r  void  
fo rm ation , which may be approximated In terms o f  the bulk modulus B 
o f the surrounding m atrix and the volume fra c tio n  V f o f microvoids, 
by (5 0 ):
(3.A 2)
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I t  fo llows from the a n a ly tic a l development o f  (47 -49) th a t the 
maximum sh ie ld ing  obtained from a f u l ly  developed process zone is :
Ks = 0 .22  e Be f f  /W (3.A 3)
where W is the zone heigh t.
The applied  stress in te n s ity , Ka pn, associated with the remote 
lo a d in g , th e re fo re , d if fe rs  from the near t ip  stress in te n s ity , Kh d , 
a c tu a lly  experienced a t  the crack t ip ,  by the ex ten t o f sh ield ing  
given by Ks , i e , :
Kapp = %tip *  ■ (3.A 4)
For a d is tr ib u t io n  o f voids s im ila r  to  those obtained in  A533B 
(LE and NE c o n d it io n s ) ,  assuming t h a t  s = V f ,  and e q u a tin g  the 
process zone height to the p la s tic  zone s ize  ( ry  = l / 2 ir (K jc/o 0) 2 , 
where Kic is  the c r i t i c a l  stress in te n s ity  fa c to r  o f the process 
zone), the re s u lt in g  shie?dfng stress in te n s it ie s , Ks , are estimated  
in Table A I. I t  can be seen th a t the magnitude o f  sh ie ld ing  from a 
zone o f  microvoids surrounding the crack, i . e . ,  from In  s itu  damage, 
can be very s ig n ific a n t fo r  la rg e  microvoid volume fra c tio n s , even in  
m a teria ls  o f r e la t iv e ly  high in t r in s ic  toughness. Such sh ield ing  
would not be expected in  the present study on p r io r  damage, as the
Table A I. Estimated E x tr in s ic  Zone S h ie ld in g , Ks,  fo r  In  S itu  Void 
Formation in  A533B
Condition Kic
(MPa/E)
Vf
(mm)
Be ff /B KS
(MPa/m)
LE (L -T ) 138 0.001 7.6 0.995 6
(S -T) 58 0.001 1.3 0.995 3
NE (L -T ) 57 0.021 2.7 0.901 63
(S-T) 30 0.021 0.7 0.901 35
microvoids are uniform ly dispersed on grain  boundaries throughout the 
sample. M oreover, the sh ie ld in g  may be o f fs e t  by a reduction o f the 
I n t r in s i c  toughness o f  th e  m a te r ia ) .  T h is  d eg ra d atio n  may be
p a r t ic u la r ly  severe with increasing void volume frac tion s  in  d u c tile  
m a te ria ls , as Is  apparent in  the present study fo r  V f > 0 .001.5
5 fh is  Is  In  co n tras t to b r i t t l e  m a te r ia ls , which d isp lay a lin e a r  
decay in  i n t r in s i c  toughness w ith  In c re a s in g  m icrocrack volume 
fra c tio n  (9 ) .
3 .8 . APPENDIX I I  
Estim ation o f  Grain Boundary Volume Fraction  o f  Microvoids
The average grain  boundary volume fra c tio n  o f  m icrovoids, Vfgb, 
was estimated from the sp e c ific  volume change, 6 V, determined from 
d en s ity  measurements.® The steel investiga ted  had a grain  s ize  o f
®Sma11 changes in  volume a s so c ia te d  w ith  th e  gradual loss o f  
m a rte n s itic  character o f the m icrostructure and changes in carbide 
morphology during exposure to  hydrogen have been ignored.
~  30 pm and average in te rc e p t count, N l. o f  38 per mm (5 1 ). The grain  
boundary sur-face area per u n it volume, Sy, m y  be re la te d  to N l by 
the expression (5 2 ):
S y  % 2 Nl ( 3 . A 5 )
where Sy ban u n its  o f  mm /^mm .^ Thus, fo r  the present study, Sy r  75 
mm2/mm3. A uniform grain  boundary d is tr ib u t io n  o f  spherical voids 
was assumed w ith  a mean spacing o f  t .  I f  the width o f the boundary 
is  taken to  be the mean void spacing then:
Vf„v
AV
"gb ov • % 
where the values o f  V and H are given in  Table IV .
( 3 .AG)
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3 .9 . FIGURES
REM TEM
Figure 3 .1  M icrostructure o f  A533B steel In the unexposed (Uk, and 
hydrogen pre-exposed (LE and KE) condftfons. Mfcrographs 
on the l e f t  are from SEM o f  polished surfaces (etched in  
2% n i t a l ) ;  on the r ig h t  from TEM o f  th in  f o i ls .
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Figure 3.2
I
41
1 n
Typical carbide morphologies in the unexposed A533B steel 
showing the coarse in t^ r la th  and grain boundary Fe-rich  
M3C and fin e  needle-shaped i i . tra la th  (Mo ric h  + Fe) M2C 
carbides. (TEM carbon ex trac tion  re p l ic a .)
Figure 3 ,3  O ptica l micrograph showing in c ip ie n t fiss u re  formation 
from microvold c lu s ters  in  the ME condition .
Figure 3 .4  Severely ca vita ted  in te rg ra n u lar frac tu re  surface from
fi-acture toughness te s t on A533B fo llow ing  NE. (a )  SEM ;
m ic ro g rap h , (b )  TEM o f  f r a c tu r e  s u rfa ce  e x t ra c tio n  :
r e p lic a , and id e n t if ic a t io n  o f  p a rt ic le s  using EDS and 
SAD in  (c )  3nd { d ) ,  re s p e c tiv e ly . I
Figure 3 .5  Jft(Aa) resistance curves fo r the undamaged (UE) and grain  
boundary voided ( IE  and ME) conditions in  A533B steel 
tested in the (a ) L-T and (b ) S-T o r ie n ta tio n s . Tests on 
C(T) specimens are used to determine the crack In i t ia t io n  
frac tu re  toughness, K jc and J ic , and the tea rin g  modulus,
Tr.
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Figure 3 .6  SEM f r a c to g r a p h s  o f  broken  C (T ) specim ens In  th e  
unexposed UE and hydrogen exposed LE and NE conditions. 
Note the increasing incidence o f  methane bubble formation  
on grain boundaries with increasing hydrogen exposure. 
Arrows in d ic a te  general d ire c tio n  o f  crack growth.
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Figure 3 .7  Schematic i l lu s t r a t io n  o f the stress-m odified  c r i t ic a l  
s t r a in  model f o r  d u c t i l e  f r a c t u r e  by m ic ro v o id  
coalescence.
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Figure 3 . 8  P lo t  o f  f r a c t u r e  to ug h n es s K ic as a fu n c t io n  o f  
(£ ' E f 9 0 ) * * showing two d is cre te  regimes o f toughness 
behavior, namely primary void growth a t  high toughness 
le v e ls  and in te r g r a n u la r  c a v i ta t io n  a t  low toughness
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Figure 3 .9  Predicted trends o f the re la t iv e  In t r in s ic  toughness o f  
an e la s tic -p la s tic  so lid  with Increasing background void 
volume f r a c t io n ,  V f  ( s o l id  l i n e ) ,  m icroyo id  c lu s te r  
volume frac tion  above the background Vf o f 0.01 (upper 
broken l in e ) ,  and the ad d itiona l e f fe c t  o f  decreasing the 
c h a ra c te ris tic  distance 10 (lower broken l in e ) .
20 \im
Figure 3 .10  Extent o f  void c lu s ters  in tersected  by the crack plane in 
the (a )  S-T , and (b ) L-T o r ie n ta tio n s .
f u r ,  ’ " f af ct
\Figure 3-11 Fatigue crack propagation (da/dN) behavior as a function  
o f  the nominal stress in te n s ity  range (AK) in  A533B steel 
a t R = 0 .1 . Both (a ) m ild degrees (NE) and (b) severe 
degrees {SE and VSE) o f  p r e -e x is t in g  g ra in  boundary 
microvoid formation have only a small in fluence on crack 
propagation ra te s , compared to behavior in the undamaged 
(UE) condition  (a f te r  r e f .  10 ),
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Figure 3.: Scanning e le c tro n  m icrographs o f  fa t ig u e  f ra c tu re  
surfaces a t  near-threshold and higher growth rates In  
A5338 
in lcrs 
MPa/m
7 * to A '« n i" '( f )" A K " »  2 6 'MP«/S. Arrows in d ic a te  general 
d ire c tio n  of crack growth. i
h
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s r .e e i, fo r  va ry in g  degrees o, g ra in  ouunuaig  
void  damage, showing UE s tru c tu re  a t  (a )  6 K = 8  
and (b ) &K = 30 M Pa^j NE struc tu re  a t  (c ) AK -  7 
I’rf^ AK = ?9 MPa^n: and SE struc tu re  a t  (e AK =
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Figure 3.13 E x p e rim e n ta lly  measured v a r ia t io n  o f  fa t ig u e  crack  
c lo s u re  in  A533B s t e e l , fo r  va ry in g  degrees o f  g ra in  
boundary microvoid damage, showing ra t io  o f closure to 
maximum stress In te n s ity , Kci/K max, as a function o f  K, 
f o r  u n d a m a g e d  ( U E ) and v o id e d  { N E and S E ) 
m ic r o s t r u c t u r e s .  N o te  how In c r e a s in g  d e g re e s  o f  
m icrovo id  fo rm atio n  re s u lts  1n In c reased  crack t ip  
shield ing  through closure .
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Figure 3.14 Near-threshold crack path morphologies, obtained In  A533B 
s te e l from n ic k e l-p la t e d  f r a c tu r e  s u r fa c e s , showing 
l in e a r  crack paths 1n (a ) undamaged (UE) and (b) v o id ’d 
(NE) m icrostructures, and h igh ly  tortuous crack path In 
( c )  e x te n s iv e ly  voided (SE) m ic ro s tru c tu re . Arrows 
in d ic a t ' general d ire c tio n  o f crack advance.
l i n
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Figure 3 . IS  Respective ro les o f crack closure and crack d efle c tio n  in  
in fluenc ing  fa tig u e  crack propagation in undamaged (HE) 
and e x te n s iv e ly  voided (SE) A533B s t e e l , showing (a )  
experimental da/dN versus nominal 6K data (from Figure 
3 .11 ) corrected fo r  closure fo r da/dN versus AKgff data, 
using experimental Kci measurements; and (b ) pred ictions  
o f  the e f fe c t  o f crack d e fle c tio n  using two-dimensional 
lin e a r  e H s t ic  d efle c tio n  model (Eqns. 3.7 and 3 .8 )  fo r  
V = 45 to  75 deg w ith  c / (c  + s) = 0 .25 to  0 .5 .
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Figure 3.A1 Schem atic i l l u s t r a t io n  o f  a crac k  surrounded by a 
co n s tra in e d  d i la t a n t  zone: t ra c t io n s  g ive r is e  to  an 
in te rn a l pressure re su ltin g  from the d ila ta n t  s tra in  o f  
void form ation.
CHAPTER 4 : FATIGUE CRACK PROPAGATION IN  TRANSFORMATION-T0U6HENED 
ZIRCONIA CERAMIC
ABSTRACT
Fatigue crack propagation under tension-tenslon loading is 
observed in a transformation-toughened p a r t ia l ly -s ta b il iz e d  
z i r c o n ia  (P S 2 ) c e ra m ic  c o n t a in in g  9 m o l* MgO. Such 
s u b c ritic a ! crack growth behavior is  demonstrated to be 
c y c l ic a lly  Induced, based on a comparison with behavior 
under sustained loading (a t  the maximum load in the fatigue  
cycle) and a t  varying c y c lic  frequencies. Crack extension 
ra te s ,  which are  measured as a fu n c tio n  o f  the c y c l ic  
stre s s  in t e n s ity  range AK over the range 10 -10 tc  1 0 *6 
m /cycle , are found to be load ra t io  dependent and to show 
evidence o f fa tigue crack closure , s im ila r to behavior in  
m etals. C yclic crack growth ra tes are observed at AK leve ls  
as low as 3 MPa/m, and are considerably fa s te r  in  moist 
e n v ironm ents . M oreover, t r a n s ie n t  a c c e le ra t io n s  and 
decelerations In growth ra tes were observed fo llow ing low- 
h ig h  and h ig h - l o w  b lo c k  o v e r lo a d s .  C om pared to  
environm enta lly -ass isted , s u b -c r itic a l crack growth in  PSZ 
under sustalned-load conditions, c y c lic  crack v e lo c itie s  
viere up to  8 orders o f magnitude fa s te r  and showed a 40% 
lower threshold.
4 .1 . INTRODUCTION
I t  has long been the general perception th a t ceramics do not 
s u ffe r  s ig n ific a n t degradation by fa tig u e  ( 1 - 3 ) .  Accordingly, other 
mechanisms o f  s u b c r i t ic a l  crack grow th , p r im a r i ly  in v o lv in g  
environm entally -assisted  cracking processes under monotonic loading, 
have received fa r  more a tte n tio n  ( 4 - 7 ) .  Of la te ,  however, there has 
been in c re a s in g  In t e r e s t  in  p o s s ib le  mechanisms o f  c y c l ic  crack 
propagation as v iab le  modes o f  s u b c rit ic a l crack extension in  b r i t t le  
m a te ria ls  (7 -1 1 ) ,  although unequivocal demonstrations o f  fatigue  
e ffe c ts  are not common (1 ) .
The refuted  existence o f  tru e  c y c lic  crack propagation e ffec ts  
In conventional m onolith ic ceramics has been based p rim a rily  on the 
very lim ite d  crack t ip  p la s t ic i ty  apparent in  these m ateria ls  (1 ) .  
However, where o th e r mechanisms o f  lo c a l in e la s t ic  defo rm ation  
p re v a i l, or where unloading induces add itiona l frac tu re  phenomena, 
the notion o f  fa tig u e  in  ceramics c le a r ly  becomes more acceptable. 
For tension-tenslon and tension-compression loading, several such 
mechanisms have been suggested , in c lu d in g  the defo rm a tio n  and 
l a t e r a l  c ra c k in g  o f  crack su rfa ce  a s p e r i t ie s  on un load ing  ( 1 ) ,  
t e n s i le  opening from the wedging a c tio n  o f  a s p e r i t ie s  (1 )  or
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co rros ion /reac tion  products ( 12 ) between the crack w a lls , f r ic t io n  
Induced heating a t  the crack t ip  (8 ) ,  and environm entally-assisted  
c ra c k in g  processes ( 8 ,1 2 ) .  In  a d d it io n , fa t ig u e  crac k in g  has 
re c e n tly  been reported in p o ly c ry s ta llin e  alumina ceramics under fa r -  
f ie ld  cy c lic  compression loading (1 1 ).
In  ceram ics toughened by crack t ip  s h ie ld in g  mechanisms, 
employing, fo r  example, d ila ta n t  zones around the crack a r is ing  from 
in s itu  phase transform ation or m icrocracking phenomena (1 3 ,1 4 ), the 
re s u lt in g  n o n lin e a r  s t r e s s -s t r a in  response suggests the strong  
p o s s ib ility  o f  fa tig u e  e f fe c ts . Although evidence fo r  such behavior 
in  "shielded" ceramics has been observed in bend bars subjected to 
applied c y c lic  compressive-loading (1 5 ),  there is  l i t t l e  inform ation  
on corresponding c y c lic  crack growth under more conventional tension- 
tension loading.
I t  is  the prime o b jec tive  o f  th is  study to demonstrate th a t such 
c y c lic  crack growth can occur in transformation-toughened ceramics 
under tension-tension  loading, and furthermore th a t such behavior 
occurs a t  s tre s s  in t e n s i t i e s  below , and a t  crack v e lo c it ie s  f a r  
above, th at commonly reported (5 -7 )  fo r  s u b c ritic a l crack advance 
induced by environmental mechanisms.
4 .2 .  EXPERIMENTAL PROCEDURE
" " ' ip i t a t e d  p a r t ia l ly -s ta b il i z e d  z irc o n ia  (PSZ). containing 9 
mol % m y .. was s e le c t e d  f o r  th e  p re s e n t  s tu d y  as i t  has been 
e x te n s iv e ly  c h a ra c te r iz e d  w ith  re sp ec t to  i t s  tra n s fo rm a tio n  
toughening behavior (1 3 ,1 6 -1 8 ). Approximately 6$ by volume o f  th is  
m a te r ia l undergoes a s tre s s -in d u c e d  m a r te n s it ic  tra n s fo rm a tio n ,  
although up to  40% can transform in the high stress f ie ld s  near a 
crack t ip  (1 8 ).  The m icrostructure consists o f  cubic ZrOg grains, 
50 pm in  diam eter, containing  lens-shaped tetragonal p rec ip ita te s  o f 
maximum dimension 300 rim (1 7 ).
U niaxia l te n s ile  properties ind icate  a te n s ile  strength o f  400 
MPa and a Young's modulus o f  208 GPa. The m ateria l d 'sp lays marked 
resistance curve toughness behavior, c h a ra c te r is t ic  o f s ig n ific a n t  
c ra c k  t i p  s h i e ld in g .  An i n i t i a t i o n  f r a c t u r e  toughness o f  
approximately 3 .9  MPa/m ( fo r  an in i t i a l  crack length o f approximately 
one grain  diam eter) was apparent with a maximum achievable frac tu re  
to ug h n es s  Kc o f  up to  18 M Pa/m . U sing s u i t a b le  " a g in g "  h e a t  
treatm ents, a low toughness condition (Kc o f  ~5.5 MPa/m) and a mid­
toughened condition (Kc o f  ~ 11 .5  MPa/m) were also assessed. Extensive 
m icrostructura l and mechanical property evaluation  on th is  m ateria l 
have been described elsewhere (1 3 ,1 6 -1 8 ).
Fatigue crack propagation studies were conducted on long (>  3 
mm) through-thickness cracks In  3 mm th ick  compact C(T) specimens, 
tested in con tro lled  room a i r  (22°C, 45% re la t iv e  humidity) using
high reso lu tion  automated electro -servo-h j'd rau l 1c tes tin g  machines. 
In i t ia t io n  o f  a pre-crack was f a c il i ta te d  by a wedge shaped s ta r te r  
notch. The c y c lic  frequency, v , o f  the applied stress in te n s ity  range 
(AK = Kmax -  Kmln. where K^ax and are the maximum and minimum 
stress in te n s itie s  in the fa tig u e  cycle) was varied  between 1 and 50 
Hz (s in e wave) and the load ra t io  (R = Km in/&ax) between 0.10 and
0 .4 6 . Crack growth ra tes over the range 10 -I"  and I0 * 6 m/cycle were 
determined under both manual and com puter-controlled K-decreasing and 
K -ln c re a s in g  c o n d it io n s  (n o rm alized  K -g ra d le n t se t a t  0 .0 8  mm-1 
( 1 9 ) ) .  Crack lengths were continuously monitored, with a resolution  
ty p ic a lly  b e tte r  than 2 pm, by employing an e le c tr ic a l resistance  
technique (20) on th in  (0 .0 5  to  6 pm th ic k ) NiCr metal f o i ls ,  which 
were e i th e r  bonded o r evapora ted  onto the specimen s u rfa c e .  
Sim ultaneous measurement o f  the e x te n t  o f  fa t ig u e  crack c lo su re
(2 1 ,2 2 ) was achieved using s tra in  gauges mounted on the back surface 
o f  the C(T) samples. Using th is  technique (2 3 ), the stress in te n s ity  
at c losure , Kc] ,  defined a t  f i r s t  contact o f  the frac tu re  surfaces on 
unloading, is  determined from the load corresponding to  the f i r s t  
d e v ia tio n  from l in e a r i t y  o f  the e la s t ic  com pliance c u rv e . A 
schematic i l lu s t r a t io n  o f  these techniques is shown in  Figure 4 .1 .  
Fatigue data are presented in  the form o f  both crack growth ra te  per 
cy c le , da/dN, and crack v e lo c ity  (w ith  respect to t im e ), d a /d t = 
v (d a /J N ) , as a fu n c tio n  o f  e i th e r  the a p p lie d  maximum s tre s s  
in te n s ity , Kmax, or the c y c lic  stress in te n s ity  range, 6K.
Environmental tests were conducted in dry nitrogen gas ( in e r t  
environment) and d is t i l le d  water (corros ive environment) by sealing  
the te s t piece in an a i r t ig h t  environmental chamber. Gas p u rity  and 
the environmental temperature were preserved using an appropriate  
p u rif ic a t io n  and temperature contro l system. The e f fe c t  o f  the crack 
wake was assessed by growing a crack in  the mid-toughened m ateria l 
under constant 6K conditions. A load ra t io  o f  R = 0.1 was employed 
and the loads were continuously adjusted using computer control to  
maintain the required constant AK = 5.48 MPa/m. Subsequently, a high- 
low and low-high block loading sequence was employed to determine 
tra n s ie n t va ria tio ns  in the crack growth ra te .
In  order to provide an in d ic a tio n  o f  the maximum transform ation  
toughening under monotonic lo a d in g , f r a c tu r e  toughness te s ts  to 
determ ine KR(Aa) re s is ta n c e  curves were conducted on s e le c te d  
specimen subsequent to the fa tig u e  te s t .  Kr versus crack extension Aa 
curves were computed using  a p p ro p ria te  C (T) s tre s s  in t e n s ity  
c a lib ra tio n s  and load versus crack length data recorded during the 
te s t.  Tests were conducted in  s im ila r environmental conditions to 
those employed fo r the respective fa tigue te s t.
F ra c tu re  su rfa ce s  were examined in  the scanning e le c tro n  
microscope (SEM). Crack path p ro file s  were studied using op tica l 
microscopy on appropriate polished surfaces perpendicular to the 
frac tu re  surface.
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4 .3 .  RESULTS
Results I l lu s t r a t in g  rates o f  fa tig u e  crack propagation da/dN 
in  the low toughened PSZ are presented as a function of" the applied  
s tre s s  in t e n s ity  range 6K in  F ig u re  4 . 2 .  The m a jo r ity  o f  data  
p e r ta in s  to  a load r a t io  o f  0 .1 0  a t  a c y c l ic  frequency o f  50 Hz, 
although ad d itiona l re s u lts , a t  load ra tio s  o f  0 .1 5 , 0.31 and 0 .46  
and frequencies o f  1 and 10 Hz, are Included fo r comparison. I t  is 
a p p a re n t  t h a t ,  o v e r  th e  w id e  range o f  grow th  r a te s  s t u d ie d ,  
propagation rates are a power law function o f the stress in te n s ity  
range, ex h ib itin g  a growth law o f  the form da/dN « i dent i cal  to 
th a t observed during fatigue In  metals (2 4 ) ,  However,, whereas the 
exponent m in  m eta ls  1s t y p ic a l ly  o f  the o rd er o f  2 to  4 in  th is  
regime (2 4 ,2 5 ), growth ra te s in  the ceramic are fa r  more s e n s itiv e  to 
6K, w ith  n values approaching 24. In a d d itio n , a marked dependence on 
load ra t io  Is  also apparent. The actual crack growth equation at R =
0 .1 0 , determined from Figure 4 .2  using regression an a ly s is , is  given 
In u n its  o f m /cycle and MPa/E by:
da/dN = 6.31 x lO"22 (AK)24 . (4 .1 )
The closure le ve l corresponding to the R = 0.10 data is  p lo tted  as 
the ra t io  Kcl/Kmax in  Figure 4 .3  as a function o f  the applied AK
O p tic a l m icrographs o f  the fa t ig u e  crack path in  F igure  
4 .4 (a ,b )  show s ig n ific a n t crack d efle c tio n  and evidence o f  crack 
b r id g in g  ju s t  b eh in d  th e  c ra c k  t i p .  SEM e x a m in a t io n  o f  th e  
corresponding crack su rfa ce s  re ve a le d  a tra n s g ra n u la r  fra c tu re  
morphology, n o m in a lly  s im i la r  to  th a t  ob ta in ed  under monotonic 
loading conditions (F igure 4 .4 ( c ,d ) ) .  Although s tr ia t io n s  have been 
reported fo r a glass ceramic during c y c lic  contact loading (26) and 
are commonly seen during the fa tig u e  o f m etals (2 7 ),  no evidence was 
found in  the present study o f  s tr ia t io n s  or crack a r re s t markings in
Whereas the data in  Figure 4 .2  apparently show a c le a r  fa tigue  
e f f e c t ,  in view o f .p a s t  skepticism over fa tig u e  in  ceramics, i t  is 
necessary to  demonstrate unequivocally th a t the crack growth observed 
is  c y c l ic a lly  induced, and th at o ther s u b c ritlc a l cracking mechanisms 
are not responsible. To th is  end, three separate sets o f  experiments 
were conducted (Figure 4 .5 ) ,  as described below.
4 .3 .1 .  ( i )  Sustained Load Behavior
To show th a t the observed crack growth was not merely a 
r e s u lt  o f  s u s ta in e d  load c rac k in g  a t  maximum lo a d , crack  
e x te n s io n  was m o n ito re d  w ith  a )  th e  s t r e s s  in t e n s i t y
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c y c l ic a lly  varied  between and Kmi n, and b) the stress  
in t e n s ity  held  c o n s ta n t a t  the same v a lu e  o f  Kmax. T h is  
procedure was p e rio d ic a lly  repeated during the e n tire  range o f  
growth ra te s ; a ty p ic a l re s u lt  is  shown in Figure 4 .5 ( a ) .  I t  
is apparent th a t , whereas crack extension proceeds re a d ily  
under c y c lic  loading conditions (region a ) ,  upon removal o f 
the c y c lic  component by holding a t  the same K ^x (region b ), 
no crack growth was detec tab le .
( i i )  In fluence o f  C yclic Frequency
The frequency dependence o f  ra te  o f crack advance was 
e x a m in e d , a t  a c o n s ta n t  6K o f  3 ,5  M Pa/m , f o r  c y c l ic  
frequencies o f  1, 10 and 50 Hz (F igure 4 .5 ( b ) ) .  For the range 
o f  frequencies te s te d , crack growth rates per cy cle , da/dN, 
were e f fe c t iv e ly  constant and frequency-independent, whereas 
crack v e lo c it i e s  w ith  re s p e c t to  t ;  d a /d t ,  increased  
l i n e a r l y .  Th is behavio r is  again  s im ile 1* to  fa t ig u e  crack  
propagation in m e ta llic  a llo ys  where environmental e ffe c ts  
have been in h ib ite d .
( i l l )  In fluence o f  Stress In te n s ity  Range
R ates  o f  f a t ig u e  c ra c k  p ro p a g a tio n  in  m e ta ls  a re  
generally  more dependent on the range o f  stress in te n s ity , 
ra ther than the mean or maximum le v e ls  (2 4 ) .  To examine th is  
e f fe c t  in  the ceramic, tes ts  were performed a t  a constant Kmax 
(equal to 4 .2  MPa/m) with increasing Kmj n. R esults, in the 
form o f  crack v e lo c i ty ,  d a /d t ,  as a fu n c tio n  o f  6K or the  
ra t io  Kmln/Kmax shown in Figure 4 .5 ( c ) ,  c le a r ly  ind icate  a 
marked e f fe c t  o f decreasing crack v e lo c itie s  with decreasing 
stress in te n s ity  range a t  constant Kma%.
4 .3 .2 .  Environmental C ontribution  to  Crack Growth
The fatigue crack propagation behavior o f the low toughened PSZ 
in d ic a tin g  the in fluence o f  an in e rt  (dry n itrogen) and corrosive 
( d is t i l l e d  w ater) environment a t  a frequency o f  60 Hz and load ra t io  
R = 0.10 Is  presented in  Figure 4 .6 . Results o f  the crack growth 
behavior in a i r  are included for comparison. I t  Is  apparent from the 
d ata  t h a t  growth ra te s  are  In c re a s e d , and th res ho ld  AKth va lues  
d e c re a s e d , in  th e  m o is t e n v iro n m e n ts  compared to  th e  i n e r t  
environment. This behavior may be a ttr ib u te d  to an environm entally- 
assisted slow crack growth contribution  which acts to decrease the 
in t r in s ic  resistance o f  the crack t ip  m ateria l to crack advance and 
hence accelerates growth ra te s . This degradation o f  the in tr in s ic  
toughness does not appear to be o f fs e t  by in c reased  e x t r in s ic  
sh ie ld ing  from mechanises such as oxide-induced crack closure or 
crack d efle c tio n  which ty p ic a lly  occurs 1n many m e ta llic  a llo ys  when 
exposed to environmental degradation processes.
The e f f e c t  o f  e n v ir o n m e n t  on th e  maximum e x t e n t  o f  
tra n s fo rm a tio n  toughening ach ieves was assessed under monotonic 
loading by determining the R-curve subsequent to  each fa tig u e  te s t.  
The re s u ltin g  KpjAa) curves showing s im ila r  maximum toughness values 
observed In  th e  d ry  n it ro g e n , a i r  and w a te r environm ents are  
presented In Figure 4 .7 . Note th a t the f u l l  R-curve Is  not observed 
but begins at the f in a l Kmax o f  the AK range employed In the p rio r  
fa t ig u e  c y c l in g . The a b ru p t decrease in  the measured toughness 
apparent In the R-curves determined In the a i r  and water environment 
{Figure 4 .7 )  has only re ce n tly  been observed fo r the present PSZ 
ceram ic ( 2 8 ) .  A lb e i t  beyond the scope o f  the p res en t s tu d y , the 
e f fe c t  is  most l ik e ly  associated w ith  tra n s itio n s  from plane stress  
to plane s tra in  dominated crack extension. In a d d itio n , despite the 
strong athermal component o f the phase transform ation experienced at  
the crack t i p ,  p rev ious zone s iz e  s tu d ie s  seem to  in d ic a te  th a t  
thermal a c tiv a tio n  s t i l l  plays a minor ro le  (2 9 ). This e f fe c t  may 
become noticeable as a decrease In  zone s ize and concomitant decrease 
In  toughness with Increasing loading and crack propagation ra te s . 
Although o f  p o te n tia l Importance, p a r t ic u la r ly  fo r components where 
design is  based on maximum toughness considerations, a more indepth  
analysis awaits fu rth e r d e ta iled  experimental data.
4 ,3 .3 .  In fluence o f  Fracture Toughness
The In f lu e n c e  o f  f ra c tu re  toughness on fa t ig u e  behavio r is  
ind icated  in Figure 4 .8  which shows the fa tig u e  crack propagation  
ra te  o f  the peak-toughened m ateria l (Kc = 18 MPa/S) compared to that 
o f the low-toughness condition (Ky = 5 .5  MPa/S). The e n tire  growth 
ra te  curve has been s h i f te d  to  h ig h er AK ranges suggesting  t h a t  
fa tig u e  crack propagation slight scale w ith  the frac tu re  toughness 
determined under monotonic loading conditions. This is  in contrast to 
the pow er-law  P a r is  regime ( l in e a r  s e c tio n  o f  crack growth ra te  
log(da/dN ) vs. log(AK) p lo t)  lit m e ta llic  a lloys which in  general is 
not s e n s itiv e  to the frac tu re  toughness. I t  Is ,  however, s im ila r  to 
the high growth ra te  region o f fa tig u e  crack propagation in  m e ta llic  
a l lo y s ,  where Kmax in  the fa t ig u e  lo a d in g  c y c le  approaches the 
fra c tu re  toughness Kjc o f the m ateria l and hence an obvious 'c a lln g  
with Kjc occurs. In th is  region there is  ty p ic a lly  a crack growth 
mechanism t r a n s it io n  to  s t a t ic  f r a c tu r e  modes, such as cleavage  
fra c tu re , which more c lo se ly  approximates the b r i t t le  fra c tu re  modes 
in  ceramic m a te ria ls .
4 .3 .4 .  Constant AK and Block Loading Sequences
The e x t r i n s i c  s h ie ld in g  a s s o c ia te d  w ith  t r a n s fo r m " ' '  ' 
toughening d e riv e s  p r in c ip a l ly  from m a te r ia l in  the wak'- 
advancing crack t ip .  A c h a ra c te r is t ic  o f such sh ie ld ing  1r
u a
crac k -s ize  dependent behavior ty p ic a lly  manifest by R-curve behavior 
under monotonic loading, and "anomalous" small crack growth ra te  
e ffe c ts  1n fa t ig u e . Crack wake e ffe c ts  are there fo re  expected to 
exert a s ig n ific a n t in fluence on the crack propagation rates during 
fa tig u e  crack growth in  PSZ. Such e ffe c ts  w i l l ,  in  ad d itio n , re su lt  
in  a s e n s it iv ity  o f  measured fa tig u e  crack growth rates to va ria tio n  
o f  the stress in te n s ity  range with crack length (d6K/da) employed 
during threshold fa tig u e  te s ts .
In  order to provide some ind ication  o f  these crack wake e ffe c ts ,  
crack propagation rates were measured under constant AK = 5 .48 MPa/S' 
conditions In  the mld-toughened (Kc = U .5  MPa/%) m a te r ia l. Data 
in d ic a tin g  tra n s ie n t responses subsequent to high-low (from AK = 5.48  
to 5 .30  NPa/in) and tow-high (from AK == 5.30 to  5.60 MPa/m) block 
loading sequences were also determined and resu lts  are presented in 
F ig u re  4 . 9 .  I t  is  apparen t from the data  th a t  the fa t ig u e  crack 
propagation ra te  remained approximately constant fo r a constant AK = 
5.48 MPaAi over a distance o f  ^ 2 .5  mm. This distance was considered 
s u f f ic ie n t ly  long to demonstrate th at once steady s ta te  toughening is 
achieved, no fu rth e r increases in transform ation toughening with 
c ra c k  e x te n s io n  o c c u rs . C o n s e q u e n tly , d u r in g  f a t ig u e  c ra c k  
propagation, growth rates remain uniform under constant AK loading 
conditions.
The re s u lts  o f  the h ig h -lo w  block lo a d in g  in d ic a te  a marked 
r e ta rd a t io n  in  growth ra te s  im m ed ia te ly  a f t e r  th e  load  change, 
followed by an increasing growth ra te  u n ti l steady-s ta te v e lo c ity  is 
achieved (F ig u re  4 . 9 ) .  The crack le n g th  increm ent over which 
tran s ien t retarded growth ra te  behavior occurred was approximately 
1.2 mm. M irro r image re su lts  were observed follow ing the low-high  
block loading sequence In  which tra n s ie n t accelerated crack growth 
ra te  behavior over a distanee o f  approximately 1.0  urn was apparent. 
The crack length increments over which tran s ien t crack growth rate  
behavior was observed are s l ig h t ly  la rg e r  than 5H, where H is  the 
t r a n s fo r m a t io n  zone w id t h ,  A t r a n s fo r m a t io n  zone s i z e  o f  
approximately 150 ym was observed in the mid-toughe-^ti PSZ using 
Namarski In te rfe ren ce  and Raman spectroscopy techniques ! '^ ,3 0 ) .  The 
maximum enhancement In transform ation toughening Is  ^ icted to 
occur a f te r  a crack extension Increment o f  5H under monvwi.ic loading
(1 3 ).
4 .4 .  DISCUSSIOM
The above re su lts  provide persuasive evidence o f true cy c lic  
crack growth in  PSZ. Crack growth rates d isp lay a s im ila r  dependency 
to metals on mechanical factors such as frequency, load r a t io , and 
AK, although the s e n s it iv ity  to the la t t e r  two fac to rs  is  c le a r ly  far  
grea ter in  the ceram ic. Increased crack growth ra tes were apparent 1n 
moist environments and have been a ttr ib u te d  to an environm entally- 
assisted con tribu tion  to crack growth. Moreover, crack advance is
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associated w ith  several mechanisms o f  crack t ip  s h ie ld in g , which act 
to  re du c e  th e  lo c a l  " c ra c k  d r iv in g  f o r c e 11. In  a d d it io n  to  
transform ation toughening In PSZ, the fatigue cracks show evidence o f  
crack d e fle c tio n  and crack bridging (F igure 4 .4 ) ,  and fa tig u e  crack 
closure involving  physical contact, between mating crack surfaces
(2 1 ,2 2 ). The va r ia tio n  in  crack closure, as shown by the back-face 
s tra in  measurements o f  Kci In Figure 4 .3 , is  s im ila r  to th a t seen In 
metals a t  low (n ear-th resho ld ) stress In te n s it ie s , where closure is 
developed p rim a rily  by corrosion debris or a s p e ritie s  which act as 
wedges inside the crack (2 2 ). In view o f  the deflected  In terg ranu lar  
nature o f  c y c lic  crack patl-s in the ceramic (Figure 4 .4 ) ,  I t  would 
seen l i k e l y  t h a t  th e  w edding by f r a c t u r e  s u r fa c e  a s p e r i t i e s  
(roughness-induced closure ) is  the predominant closure mechanism in 
PSZ.
R e s u lts  o f  f a t ig u e  c ra c k  p ro p a g a tio n  u nder c o n s ta n t  AK 
conditions in d ic a te  uniform crack growth rates over distances o f up 
to 2 .5  mm. This Is  in  contras' to  th f h igh ly  discontinuous growth 
rates and periodic crack a r re ,e  over the e n tire  range o f AK values 
tested th at has subsequently been reported fo r  a s im ila r  PSZ m aterial 
(3 1 ). In th is  work, the crack a r re s t, observed a f te r  growth over 
d is ta n c e s  o f  the o rd e r o f  tens o f  m ic ro n s , is  a t t r ib u t e d  to an 
In c rea se  in  th e  tra n s fo rm a tio n  toughening component w ith  crack  
extension. In a d d itio n , an attem pt is  made to re la te  crack a rres t 
d is ta n c e s  to  5H, where H is  the tra n s fo rm a tio n  zone s iz e .  The 
c h a ra c te r is t ic  crack extension distance 5H ind icates the onset o f  
steady s ta te  sh ie ld ing  predicted fo r transform ation toughening under 
monotonic loading (1 3 ).  Extensive experimental re su lts  o f  the present 
study a re , however, a t  variance w ith  the behavior reported in re f .
30, showing no in d ication  o f  discontinuous growth. However, resu lts  
o f  the block 1 coding studies reported in the present inv es tig a tio n  do 
seem to  attach  some s ig n ifica nc e to the c h a ra c te r is t ic  distance 5H, 
over which s te a d y -s ta te  growth '-a te  beh a v io r is  re -e s ta b lis h e d  
fo llow ing  'oad changes.
I t  is  beyond the scope o f  t,. present study to e lu c id a te  the 
p re c is e  mechanisms o f  fa t ig u e  1n tran s fo rm a tio n -to u gh e n ed  PSZ. 
C lea rly  d e ta iled  m icrostructura l studies are required to assess the 
e f fe c t  o f  c y c lic  loading on such factors as 1) the nature v f  the 
in e la s tic  deform ation, 11) the extent o f phase tran s fo rm a tio n  111) 
any concom itant changes in  the transfo rm ed  zone shope whv.h mey 
m o d ify  th e  d e g re e  o f  s h i e ld in g ,  and 1v ) th e  changes f *  th e  
( in tr in s ic )  toughness o f m ateria l from cy c lic  damage accuir,.,la%1on 
mechanisms, such as m icrocrack fo rm atio n  a t  p a r t ic le 'm a t r ix  
in te rfa c e s , ahead o f the crack t ip .  A more d e ta iled  dlscu’Zv’on o f  
possible mechanisms o f  fa tigue crack propagation in e x t r '^ L a H y  
toughened ceramic m a teria ls  together with suggestions fo r f v N r -  work 
are presented In  Chapter 5.
I t  is  apparent, however, th at the c y c lic  crack growth f r  (:rs at  
stress in te n s itie s  fa r  below, and at crack v e lo c itie s  subs-’ . - i i l s l l y  
above, th a t required fo r  environmentally-induced monotonic crack
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advance In PSZ ceramics. Comparison with Becher's sustalned-load  
cracking data on a s im ila r 7 ,2  moISS MgO PSZ, tested in 55$ re la t iv e  
hum idity a i r  and In d is t i l le d  water ( 6 ,7 ) ,  ind icates fatigue crack 
growth a t  stress In te n s itie s  as low as 3 MPa/S, and cy c lic  crack
v e lo c it i e s  to  be some 8 o rd ers  o f  magnitude f a s t e r ,  a t  K|pu)$ = 5 
M P a /i, than corresponding ra te s  under monotonic lo a d in g  (F ig u re  
4 .1 0 ).  Based on these d ata , i t  would appear th a t non-conservative 
estimates o f s u b c ritic a l crack extension and serious overestimates o f 
l i f e  may re s u lt  i f  damage-tolerant pred ictions in PSZ ceramics are 
based so le ly  on su s ta ine j-load  cracking and toughness behavior.
4 .5 . CONCLUSIONS
Based on a study o f  s u b c r i t ic a l  crack growth under te n s io n -
te n s io n  fa t ig u e  lo a d in g  in  p a r t i a l l y - s t a b i l i z e d  z irc o n la  (P S Z),
containing 3 vol% MgO, the follow ing conclusions can be made:
1 . F atig u e crack p ropagation  under te n s io n -te n s io n  lo a d in g  in  
t ra n s fo rm a t io n - to u g h e n e d  PSZ c e ra m ic  is  u n e q u iv o c a lly  
dem onstra ted , and fs  shown to  be governed by a power law  
fu n c tio n  o f  the a p p lie d  s tre s s  in t e n s ity  ra ng e , 6K, w ith  an 
exponent o f  24.
2 . Akin to behavior in m etals, c y c lic  crack growth ra tes are found
to show s im ila r  dependencies on c y c lic  frequency, load ra t io  and
AK le v e l,  although the s e n s it iv ity  to  the la t t e r  two factors is  
f a r  g re a te r  in  the ce ra m ic . Crack propagation  ra te s  were 
Increased In  moist environments.
3 . C y c lic  crack growth Is  p red o m ina n tly  t ra n s g r a n u la r , w ith  
evidence o f  crack t ip  s h ie ld in g  by crack d e f le c t io n ,  crack  
bridging (close to the crack t ip ) ,  and fa tig u e  crack closure, 
presumably a r is in g  from crack surface a s p e rity  wedging. Akin to  
near-threshold fatigue behavior in  m eta ls, the e f fe c t  o f such 
closure diminishes w ith  Increasing AK.
4 . Uniform crack propagation rates were observed under constant AK 
loading conditions fo r cracks grown distances o f  up to  2.5 mm. 
T ra n s ie n t a c c e le ra t io n s  and d e c e le ra tio n s  were apparent 
fo llow ing low-high and high-low block loading sequences.
5 . C yclic crack growth is  found to  occur a t  stress in te n s itie s  fa r  
below , and a t  crack v e lo c it ie s  up tu  8 o rd ers  o f  magnitude 
above, th a t reported fo r environm entally -assisted  sustalned-load  
crack growth r a te s .  Such o b se rva tio ns  may have se rio u s  
im p l ic a t io n s  f o r  d a m a g e - to le r a n t  l i f e  p r e d ic t io n s  In  
transformation-toughened ceramics.
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Compression Strain
Figure 4 .1  Schematic I l lu s t r a t io n  o f  experimental techniques used to 
c o n t in u o u s ly  m o n ito r  c ra c k  le n g th  and th e  s t re s s  
in te n s ity , K ^ , a t  fa tigue crack closure.
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Figure 4 .2  V a ria tion  o f  fa tigue crack propagation ra te , da/dN, with  
applied stress in te n s ity  in te n s ity  range, AK, fo r the 
lo w -to u g h e n e d  PSZ (MgO) c e ra m ic , t e s te d  in  room 
temperature a i r  (45% re la t iv e  humidity) a t  a load ra t io  R 
o f  0 .1 0  and a c y c l ic  frequency o f  50 Hz. Data fo r  
varying load ra tio  (0 .1 0  -  0 .46 ) and c y c lic  frequency 
( I  -  50 Hz) are Included fo r  comparison.
da
/dN
 
(in
/c
yc
le
)
STRESS INTENSITY RANGE, AK (M Pl-m '")
Figure 4 .3  E x p e rim e n ta lly  measured v a r ia t io n  o f  fa t ig u e  crack 
c lo s u re  in  PSZ (MgO), corresponding to  c y c l ic  crack  
growth ra te  data a t  R = 0 .1 0  in  F ig u re  4 .2 .  R e s u lts , 
based on back-face stra in  compliance measurements, show 
the r a t io  o f  c lo s u re  to  maximum s tre s s  in t e n s ity ,  
Kcl/Kmax, as a function o f the applied stress in te n s ity  
range, AK.
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Figure 4 .4  Frac tography o f  crack growth In  PSZ (MgO): o p tic a l  
micrographs o f the fatigue crack path, showing (a) crack 
d efle c tio n  and (b) c^ack bridging immediately behind the 
c ra c k  t i p ;  sc an n in g  e le c t r o n  m ic ro g ra p h s  showing  
predominantly, transgranular frac tu re  surfaces associated 
with both (c ) c y c l ic a lly  and (d ) monotonlcally loaded 
c ra c k s . Arrow in d ic a te s  general d ire c t io n  o f  crack 
growth.
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Figure 4 .5  E ffe c t in PSZ (MgO) o f (a ) sustained and c y c lic  loading 
conditions on crack growth ra te , da/dN, a t constant Kma* 
(= 3 .8  M Pa/m), (b )  va ry in g  c y c l ic  frequency on crack  
growth r a t e ,  da /dN , and crack v e lo c ity ,  d a /d t ,  a t  
constant AK (= 3.5  MPa/m), and (c ) varying applied stress 
in t e n s i ty  ra ng e , 6K, on crack v e lo c ity ,  d a /d t ,  a t  
constant Kmax (= 4 .2  MPa/E).
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Figure 4 .6  Fatigue crack propagation behavior o f  the low-toughened 
PSZ In d ic a tin g  the In fluence o f an In e r t  (dry n itro g en ),i i i  
(45% RH) a i r  and corrosive ( d is t i l l e d  water) environment 
a t a frequence o f  50 Hz and R = 0 .10 .
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Figure 4 .8  V a ria tion  o f  the fatigue crack propagation ra te  (da/dN) 
w ith  applied stress in te n s ity  range 6K fo r the peak- 
toughened PSZ m a te ria l. Results fo r the low-toughened 
m ateria l are Included fo r comparison.
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F ig u re 4 .9  V a r ia t io n  o f  fa t ig u e  crack propagation  ra te  (da/dN ) 
showing the e f f e c t  o f  constan t 6K « 5 .4 8  MPa/m, and 
fo llow ing block loading sequences. Note the tran s ien t 
re ta rd a t io n  fo llo w in g  the h ig h -lo w  sequence, and the  
trans ien t acce le ration  follow ing the low-high sequence.
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Figure 4 .10  S u b c ritica l crack growth behavior in PSZ (HgO) showing a 
comparison o f  c y c lic  crack v e lo c it ie s , d a /d t , from the 
present study with sustained-load cracking data o f Becher 
{6 ,7 )  fo r 55$ re la t iv e  humidity a i r  and d is t i l le d  water. 
Afote how fa t ig u e - in d u c e d  c rack growth is  much fa s te r  than 
environm entalIjf-assisted crack growth under monotonic 
loading conditions.
CHAPTER 5 : IMPLICATIONS OF EXTRINSIC TOUGHENING AND PROPOSALS FOR
FUTURE WORK
ABSTRACT
The u t i l i z a t i o n  o f  crack t ip  s h ie ld in g  can be a p o ten t 
means to  enhance toughness and re ta rd  crack growth in a 
d iv e rs e  range o f  m a te r ia ls . The im p lic a tio n  o f  such 
e x t r in s ic  toughening , however, is  c ra c k -s iz e  dependent 
behavior and the breakdown o f the concept o f  s im ilitu d e . 
This important consequence is shown to re s u lt  in  resistance  
curve b e h a v io r , anomalous "sm all crack" e f f e c ts ,  and 
c o n tra s tin g  m ic ro s tru c tu ra l fa c to rs  c o n t ro ll in g  crack  
in i t ia t io n  and growth.
The fu tu re  use o f  ceram ics and ceram ic composites fo r  
advanced stru c tu ra l applications represents an important 
prec u rso r to p o te n tia l  m ajor improvements in  design  
performance fo r  high tem p e ra tu re , c o rros io n  and wear 
resis tance . The lim ite d  use o f such b r i t t le  m ateria ls  to 
date has p r im a rily  been a ttr ib u te d  to th e ir  in h eren tly  low 
toughness and lack o f defect to lerance. S c ie n t if ic  research 
in the la s t  decade, however, has resulted in major advances 
in  the toughening o f  ceram ics p r in c ip a l ly  by e x t r in s ic  
shield ing  mechanisms. Although an essential development to 
th e ir  s tru c tu ra l use, work undertaken in  the present study 
has shown th a t  such toughened ceram ics and com posites, 
contrary to conventional wisdom, may become susceptible to 
c y c lic  fa t ig u e . Possible mechanisms o f  such cy c lic  fa tigue  
are  id e n t i f ie d  and discussed w i t 11 regard  to  fo u r m ajor 
c la s s e s  o f  c e ra m ic  and c e r a m ic -m a tr ix  c o m p o s ite s . 
Suggestions fo r fu ture work are presented.
5 .1 . INTRODUCTION
Processes o f  crack t ip  sh ield ing  have been shown to provide a 
potent means o f  e x tr in s ic  toughening during crack propagation in a 
diverse range o f  m a te ria ls , environmental and loading conditions. The 
various mechanisms o f  crack t ip  sh ield ing  have been categorized in to  
several d is t in c t  classes, namely, crack d e fle c tio n  and meandering, 
zone s h ie ld in g , contact sh ie ld ing , and combined zone and contact 
sh ie ld in g . In general, such sh ield ing  may be seen to o rig in a te  from 
processes which predom inate in  the wake o f  the crack t i p .  An 
important consequence o f  th is  c h a ra c te r is tic  o f  e x tr in s ic  toughening, 
however, is  c ra c k -s iz e  dependent b eh a v io r. This in  tu rn  leads  
d ire c t ly  to the breakdown o f  the concept o f  s im ilitu d e  and anomalous 
crack growth behavior. These s ig n ific a n t im plications o f e x trin s ic  
toug h e n in g , in c lu d in g  re s ls ta n c e -c u rv e  b e h a v io r , "sm all crack"
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CHAPTER 5 : IMPLICATIONS OF EXTRINSIC TOUGHENING AND PROPOSALS FOR
FUTURE WORK
ABSTRACT
The u t i l i z a t i o n  o f  crack t ip  s h ie ld in g  can be a potent 
means to  enhance toughness and re ta rd  crack growth in a 
d iv e rs e  range o f  m a te r ia ls . The im p lic a tio n  o f  such 
e x t r in s ic  toughening , however, is  c r a c k -s iz e  dependent 
behavior and the breakdown o f the concept o f  sim ilitude-. 
This important consequence is shown to re s u lt  in resistance 
curve b e h a v io r, anomalous "sm all crack" e f f e c ts ,  and 
c o n tra s tin g  m ic ro s tru c tu ra  1 fa c to rs  c o n t ro ll in g  crack 
in i t ia t io n  and growth.
The fu tu re  use o f  ceram ics ar>j ceram ic com posites fo r  
advanced s tru c tu ra l applica tions represents an important 
p rec u rso r to p o te n tia l  m ajor improvements in  design 
perform ance fo r  high  tem p e ra tu re , c o rros io n  and wear 
resis tance . The lim ite d  use o f such b r i t t le  m ateria ls  to 
date has p rim a rily  been a ttrib u te d  to th e ir  in h eren tly  low 
toughness and lack o f  defec t to lerance . S c ie n t if ic  research 
in the la s t  decade, however, has resulted  in major advances 
in  the toughening o f  ceram ics p r in c ip a l l y  by e x t r in s ic  
shield ing  mechanisms. Although an essential development to 
th e ir  s tru c tu ra l use, work undertaken in  the present study 
has shown th a t  such toughened ceram ics and com posites , 
contrary to conventional wisdom, may become susceptible to 
c y c lic  fa t ig u e . Possible mechanisms o f  such cy c lic  fa tigue  
are  id e n t i f ie d  and discussed w ith  regard  to  fo u r major 
c la s s e s  o f  c e ra m ic  and c e r a m lc -m a tr ix  c o m p o s ite s . 
Suggestions fo r fu ture work are presented.
5 .1 . INTRODUCTION
Processes o f  crack t ip  sh ield ing  have been shown to  provide a 
potent means o f  e x tr in s ic  toughening during crack propagation in a 
diverse range o f  m a te ria ls , environmental and loading conditions. The 
various mechanisms o f crack t ip  sh ield ing  have been categorized into  
several d is t in c t  classes, namely, crack de fle c tio n  and meandering, 
zone sh ie ld in g , contact s h ie ld in g , and combined zone and contact 
sh ie ld in g . In general, such sh ielding may be seen to o rig in a te  from 
processes which predom inate in  the wake o f  the crac k  t i p .  An 
important consequence o f  th is  c h a ra c te r is t ic  o f  e x tr in s ic  toughening, 
however, is  c ra c k -s iz e  dependent b e h a v io r. Th is in  tu rn  leads  
d ire c t ly  to the breakdown o f  the concept o f  s im ilitu d e  and anomalous 
crack growth behavior. These s ig n ific a n t im plications o f  e x trin s ic  
toug h e n in g , in c lu d in g  re s ls ta n c e -c u rv e  b e h a v io r , " sm all crack"
e f fe c ts , and contrasting  m icrostructura l factors c o n tro llin g  crack 
in i t ia t io n  and growth, are discussed in  the present chapter.
An ad d itiona l Im p lic a tio n , however, which has p o te n tia lly  major 
repercussions with regard to re lia b le  design, regards processes o f  
cy c lic  s u b c ritic a l crack propagation in a re ce ntly  developed range o f  
advanced m a te ria ls . These m a te ria ls , which in p a rt ic u la r  includes 
ceram ic and c e ra m ic -m a tr lx  com posites , r e ly  alm ost e n t i r e ly  on 
e x tr in s ic  toughening mechanisms fo r acceptable toughness properties . 
P a ra d o x ic a lly , w ith  th is  approach to  to ughening, re s u lts  o f  the 
present in v es tiga tion  in d ic ate  th at these m ateria ls  can become prone 
to c y c l ic  fa t ig u e  d eg ra d a! *on . Th is form o f  d eg ra d atio n  has in 
p a rt ic u la r  been associated with the non-linear behavior o f m ateria l 
elements in the v ic in i ty  o f  the crack t ip  in  transform ation toughened 
ceramics. However, various add itiona l forms o f damage accumulation 
associated with other mechanisms o f  e x tr in s ic  toughening under .y c lic  
loading conditions may also be id e n tif ie d  as po ten tia l sources o f 
fa t ig u e .  The conc lud ing  se c tio n s  o f  the p resen t work th e re fo re  
focuses on these phenomena, speculates on possible mechanisms o f  such 
c y c lic  fa t ig u e , and includes suggestions fo r fu tu re  work.
5 .2 .  GENERAL IMPLICATIONS OF EXTRINSIC TOUGHENING
I n t r i n s i c  to u g h e n in g  is  e s s e n t i a l l y  a p r o p e r t y  o f  th e  
m a te ria l/m ic ro stru c tu re , and there fo re  can be expected to be ac tive  
fo r a sp e c ific  frac tu re  mechanism independent o f  such factors as 
crack co n figuration , crack s ize , geometry, e tc . E x tr in sic  mechanisms, 
however, demand the presence o f  a crack with s u f f ic ie n t  wake fo r them 
to o p e ra te . Thus, th e  d ir e c t  im p lic a tio n  o f  crack p ropagation  
dominated by s h ie ld in g , aside from a reduced cracking ra te  from the 
lower lo c al d riv in g  fo rc e , is  c rack-s ize  dependent behavior. A number 
o f  important scenarios fo llow :
F i r s t ,  the m a te r ia l w i l l  show re s is ta n c e -c u rv e  fra c tu re  
toughness behavior where the d riv in g  force to sustain cracking w il l  
increase with increasing crack length (u n t il s te a d y -s ta te ). Such R- 
curves are common in  b r i t t l e  m ateria ls  which re ly  on process o f  zone 
shield ing  fo r e x tr in s ic  toughening. Marked R-curve toughness behavior 
evident in cerami-s (1 ,2 )  is  schem atically il lu s tra te d  in Figure 5 .1 . 
Here s h ie ld in g  can occur from tra n s fo rm a tio n  and m icrocrack  
toughening, or whisker reinforcem ent. S im ila r behavior has also been 
reported in rocks and concrete ( 3 ,4 ) ,  where shallower curves are 
apparen t due to  m ic ro cra ck in g  phenomena. In  a d d it io n , R-curve  
behavior has been id e n tif ie d  in d u c tile  m e ta llic  a l lo y s , where zone 
shield ing  from p rio r  p la s tic  zones le f t  in the wake o f  the crack 
induces a lower s tra in  s in g u la r ity  ahead o f  the t ip  ( c . f . ,  the 1/ r  
s tra in  s in g u la r ity  fo r a fu l ly  p la s tic  sta tio n a ry  crack with the 
l n ( l / r )  s in g u la r ity  fo r a non-stationary crack ( 5 ) ) .
Second, "small crack" e ffe c ts  are to be expected, since, a t  the 
same nominal d riv in g  fo rce , the small crack may experience a higher 
local d riv in g  fo rce , due to diminished sh ie ld ing  along it s  re s tric te d  
wake, which causes H  to propagate at a ra te  In excess o f the long 
crack. Such accelerated growth o f  small cracks is now a well-known 
phenomenon in the fatigue o f m e ta llic  a l lo y s , as shown recently  fo r  
example by the re su lts  on alumlnum-lithium a llo ys  ( 6 ) ,  and has been 
demonstrated experim entally to be associated p rim a rily  with reduced 
shie ld ing  from crack closure (e .g . 6 ,7 ,8 ) .
T h ird , m ic ro s tru c tu ra l fa c to rs  known to  be b e n e fic ia l fo r  
resistance to crack in i t ia t io n  and the growth o f  small cracks may 
have a very d if fe re n t  e f fe c t  on the growth o f  long cracks ( 7 ) .  This 
follows because the ro le o f  e x tr in s ic  mechanisms becomes n eg lig ib le  
where the crack wake is small or non -exis ten t. There are numerous 
examples o f  th is  in the fa tigue l i te r a tu r e ;  fo r example in s te e ls , 
increasing y ie ld  strength or decreasing grain size resu lts  in lower 
thresholds for (long) crack growth, ye t higher thresholds fo r crack 
i n i t ia t io n .  I . e . ,  higher fa tig u e  l im its . In a d d itio n , in duplex or 
p a rt ic le /p rec ip ita te -h arde n ed  m a te ria ls , grain s ize , te x tu re , s l ip  
c h a ra c te r  and p re c ip ita te /p h a s e  d is t r ib u t io n  appear to  have a 
re la t iv e ly  minor in fluence on small crack growth, ye t these factors  
have a s ig n ific a n t in fluence on long crack growth rates p rim a rily  
through th e ir  e f fe c t  on crack closure and d e fle c tio n  (7 ) .  S im ilar 
e ffe c ts  have been reported 1n ceramics. In alumina fo r example, 
coarsening grain size (or even calcium em brittlem ent o f  the grain 
boundaries) can lead to degraded crack in i t ia t io n  toughness, ye t once 
the crack has grown some d istance, the re su ltin g  rougher frac tu re  
path Induces s ig n ific a n t crack bridging such th at the coarser-grained  
(o r  e m b r itt le d )  s tru c tu re s  a c t u a l ly  show s u p e rio r  crack growth 
toughness (9 ) .
F in a l ly ,  o f  p a rt ic u la r  In te re s t in the present work, is  the 
e f fe c t  o f  fa tigue loading conditions on the mechanisms o f e x trin s ic  
toughening In ceramic and ceram ic-m atrlx composite m a te ria ls . As 
these m a te r ia ls , in general, re ly  p rim a rily  on such mechanisms for 
toughness, any degradation o f  the micromechanisms providing sh ielding  
may have s ig n ific a n t im plications fo r subsequent crack extension. In 
p a r t ic u la r . In m ateria ls  toughened by zone sh ie ld ing  mechanisms, for 
exam ple, tra n s fo rm a tio n  or m icrocrack toughening, the e f f e c t  o f  
unloading may induce changes in the fro n ta l process zone morphology 
due to the Mgh stress f ie ld s  generated ahead o f the d ila te d  zone 
i t s e l f .  Although the extent o f  zone sh ield ing  scales with the process 
zone w id th , Increases in the fro n ta l zone size ahead o f  the crack t ip  
are  known to  r e s u lt  in  a reduced c o n tr ib u t io n  to  toughening. In  
f ib er/w h isk er re inforced ceram ic-m atrlx composites, cy c lic  loading 
may be e x p e c te d  to  produce a p ro g re s s iv e  d e g ra d a t io n  In  th e  
fib er/w h isk er-m a tr ix  In te r fa c ia l s trm g th . Such decreases w il l  reduce 
the sh ie ld ing  capacity o f  the bridging zone behind the crack t ip ,  
exposing the crack t ip  to an increased d riv in g  fo rce . The synerg istic  
e f fe c t  o f  both a reduced e x tr in s ic  sh ie ld ing  component together with  
a degraded in tr in s ic  toughness is  there fo re  considered o f  p a rtic u la r
im portance in  unders tand ing  the fa t ig u e  behavio r o f  ceram ic
Whereas c e r ta in  o f  the in t r in s i c  and e x t r in s ic  mechanisms 
d escribed  have been used to  q u a n t ify  the e x te n t o f toughening  
e x h ib i t e d  by v a r io u s  c e ra m ic  and c e r a m ic - m a tr lx  co m p o s ite  
microstructures under monotonic loading, to date there have been few 
systematic studies on su b c rltica l crack extension behavior o f  these 
m ateria ls  which s p e c if ic a l ly  u t i l iz e s  th is  dual approach under cyclic  
and su s ta ined  lo a d in g  c o n d it io n s . I t  1s th e re fo re  considered  
a p p ro p ria te  to  propose an in v e s tig a tio n  o f  a se le c ted  range o f  
ceramic and re inforced ceram lc-m strix composites, each e x h ib itin g  a 
d is t in c t  dominant toughening mechanism, which 1 ) id e n t i f ie s  the 
s p e c i f ic  toughening mechanisms, in  l ig h t  o f  the c h a r a c te r is t ic  
m icrostructura l fea tu re s , 11) provides a deta iled  charac teriza tion  
o f  th e  f a t ig u e  c ra c k  p ro p a g a tio n  b e h a v io r  in  each m a t e r ia l ,  
p a r t ic u la r ly  w ith  regard to furn ish ing  a basic understanding o f  the 
mechanisms o f crack advance, 111) evaluates the re la t iv e  dominance of 
the e x tr in s ic  versus in tr in s ic  e ffe c ts  during fatigue crack growth, 
and specifies  any unique Im plications to mechanical properties o f 
th is  dominance, fo r example, the possible occurrence of small crack 
e f f e c t s ,  1v) assesses the predominance o f  both mechanic,'. 1 and 
environmental variab les c o n tro llin g  such su b c ritica l crack extension, 
and hence, the p o te n tia l  o f  em ploying novel fa t ig u e  in h ib it io n  
techniques to increase serv ice l i f e .
S .3 . POSSIBLE nECHtiuSnS OF FATIGBE lit  CERAMIC MATERIALS 
AND PROPOSALS FOR FUTURE WORK
5 .3 .1 .  In tro d lc tio n
The la s t  decade has w itnessed m ajor improvements in  the 
m icrostructura l design and processing techniques c f  ceram ic:, which 
has provided a v e rs a t ile  class o f m ateria ls  o ffe rin g  exceptional 
properties in the areas o f  mechanical strength , extreme hardness and 
creep re s is ta n c e . In  com bination w ith  o th e r  p ro p e rt ie s  such as 
dimensional s t a b i l i t y ,  corrosion and wear resistance, and re tention  
o f  s tre n g th  w ith  tim e a t  tem p e ra tu re , re c e n t advances in  the 
development o f enhanced toughness has resu lted  in the po te n tia l o f  
ceramics to perform functions s tru c tu ra lly  not possible with other 
more t r a d it io n a l  en g in e erin g  m a te r ia ls . As a r e s u l t ,  am bitious  
p re d ic t io n s  have been made fo r  the a p p lic a t io n  o f  ceram ics in  
numerous engineering markets where th e ir  low density and unique set 
o f  p roperties may be ex p lo ited .
Of p a rt ic u la r  In te re s t in the automotive, aerospace and defense 
Industries  are ceramic and re inforced ceramic-matrix composites for 
use in  gas tu rb in e  and o th e r advanced heat engine a p p lic a tio n s .  
Although the p a r t ic u la r  m a te r ia l p ro p e rty  requ irem ents fo r  gas 
turb ine and reciprocating  engines d i f f e r ,  in  both cases increased
o p e ra tin g  tem peratu res and fa s te r  r o ta t io n a l speeds may provide  
impressive improvements in e ff ic ie n c y , power/weight ra tio s  and fuel 
consumption. In gas turbine ap p lica tion s , blades, ro to rs , vanes, 
shrouds, com buster, combuster l in e r s ,  and o the r p arts  are  a l l  
candidates fo r ceramic m a te ria ls . Here much e f fo r t  has been d irected  
towards the development o f  high performance ceramics and reinforced  
ceram ic-m atrix composites capable o f operating a t  higher temperatures 
and higher operating stresses (1 0 ,1 1 ). While the high temperature 
p roperties have received most a tten tio n  fo r heat-engine app lica tions , 
these m ateria ls  are also being developed fo r 1 s ta tio n a ry 1 products 
such as heat exchangers, recuperators, tubes, exhaust systems and 
s im ila r  h ig h -te m p e ra tu re  o p e ra tin g  equipm ent ( 1 2 ) .  C onverse ly , 
requ irem ents  fo r  re c ip ro c a t in g  heat engines s tre s s  the need fo r  
th e rm a lly  in s u la t in g  and wear and ab ra sio n  r e s is ta n t  m a te r ia ls
( 1 3 , 1 4 ) .  For e x a m p le , in  a d d it io n  to  h o s t i l e  e n v iro n m e n ta l  
conditions, the precombustion chamber in d iesel engines must survive 
both m echanical and therm al s tre s s in g  which is  o fte n  c y c l ic  in 
n a tu re . Large tem peratu re  g ra d ie n ts  are p resen t and mechanical 
stresses may be exacerbated by thermal expansion mismatch between the 
chamber and c y lin d e r-h e a d  m a te r ia ls  ( 1 5 ) .  Advantages o f  ceram ic 
components Include improved combustion performance due to higher 
running temperatures, reduction o f  id le  noise, and easier s ta rtin g .
L i f e  p re d ic t io n  is  n a t u r a l ly  c r u c ia l to  p erm it the r e l ia b le  
design and use o f ceramic m a te ria ls . Accordingly, extensive research 
has been undertaken to improve the toughness o f  ceram ics which 
u lt im a te ly  trans lates in to  Improved r e l i a b i l i t y .  Advanced stru c tu ra l 
ceramics receiving  the most a tten tio n  In  the past 15 years has been 
s i l i c o n  n i t r i d e s ,  in c lu d in g  s i a lo n s ,  s i l i c o n  c a r b id e s , and 
tra n s fo rm a tio n  toughened z irc o n ia s  ( 1 6 ) .  S i l ic o n  n it r id e s  and 
carbides are believed to be capable o f  operating a t  temperatures up 
to 1450°C. Z irc o n ia , In addition  to being strong up to approximately 
600°C , has the advantage o f  a low er therm al c o n d u c t iv ity  and a 
therm al e x p a n s iv ity  matching th a t  o f  many re c ip ro c a t in g  engine 
(p a r t ic u la r ly  d ie s e l)  m a te ria ls . Extensive research is  also being 
undertaken in the development o f m ateria ls  toughened by the addition  
o f  dispersed z ircon ia  p a r t ic le s , w h is k e r/fib e r re inforced ceramic- 
m a tr ix  com posites , m icrocrack toughening, and more re c e n t ly  the 
addition  o f  d u c tile  p a rt ic le  dispersions (1 7 ,1 8 ). A number o f  the 
more s ig n ific a n t m a te ria ls , together with th e ir  primary toughening 
mechanism and maximum toughness, are summarized in  Table I .
Despite the Impact o f the po ten tia l widespread use o f  ceramics 
and c e ra m ic -m a tr ix  com posites , i t  is  perhaps s u rp r is in g  th a t  
r e la t iv e ly  few systematic studies o f  a fundamental nature have been 
performed to re la te  m echan istica lly , and u ltim a te ly  model, the ro le  
o f the composite microstructure in co n tro lling  su b c rftlc a l crack 
growth re s is ta n c e  in  these m a te r ia ls . Th is may be p a r t ic u la r ly  
im p o rtan t where crack propagation  occurs under c y c l ic  lo a d in g  
conditions. As most o f  the more s ig n ific a n t app lica tions o f  ceramics, 
p a r t ic u la r ly  fo r components In gas turbine and reciprocating  heat 
engine a p p lica tion s , e n ta il substantial c y c lic  loading and thermal
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o p e ra tin g  tem peratures and f a s te r  r o ta t io n a l speeds may provide  
impressive Improvements In e ff ic ie n c y , power/weight ra tio s  and fuel 
consumption. In gas turb ine ap p lica tion s , blades, ro to rs , vanes, 
shrouds, com buster, combuster l in e r s ,  and o the r p arts  are a l l  
candidates fo r ceramic m a te ria ls . Here much e f fo r t  has been directed  
towards the development o f  high performance ceramics and reinforced  
ceram ic-m atrix composites capable o f operating a t  higher temperatures 
and higher operating stresses (1 0 ,1 1 ). While the high temperature 
properties have received most a tten tio n  fo r heat-engine app lica tions , 
these m ateria ls are also being developed fo r  's ta tio n a ry ' products 
such as heat exchangers, recuperators, tubes, exhaust systems and 
s im ila r  h ig h -te m p e ra tu re  o p e ra tin g  equipment ( 1 2 ) .  C onverse ly , 
requ irem ents  fo r  re c ip ro c a t in g  heat engines s tre s s  the need fo r  
th e rm a lly  In s u la t in g  and wear and ab ra sion  r e s is ta n t  m a te r ia ls
( 1 3 , 1 4 ) .  For e x a m p le , in  a d d it io n  to  h o s t i l e  e n v iro n m e n ta l  
cond itions, the precombustion chamber in d iesel engines must survive 
both m echanical and therm al s tre s s in g  which is  o fte n  c y c l ic  in  
n a tu re . Large tem peratu re g ra d ie n ts  are p res en t and mechanical 
stresses may be exacerbated by thermal expansion mismatch between the 
chamber and c y lin d e r-h e a d  m a te r ia ls  ( 1 5 ) .  Advantages o f  ceramic  
components include improved combustion performance due to higher 
running temperatures, reduction o f id le  noise, and easier s ta r tin g .
L if e  p re d ic t io n  is  n a t u r a l ly  c r u c ia l to  p erm it the r e l ia b le  
design and use o f ceramic m a te ria ls . Accordingly, extensive research 
has been undertaken to improve the toughness o f  ceram ics which 
u ltim a te ly  tran s lates in to  improved r e l i a b i l i t y .  Advanced stru c tu ra l 
ceramics receiving  the most a tten tio n  in the past 15 years has been 
s i l i c o n  n i t r i d e s ,  in c lu d in g  s i a lo n s ,  s i l i c o n  c a r b id e s ,  and 
tra n s fo rm a tio n  toughened z irc o n ia s  ( 1 6 ) .  S i l ic o n  n i t r id e s  and 
carbides are believed to be capable o f operating a t  temperatures up 
to  1450oC. Z irc o n ia , in add ition  to being strong up to  approximately 
60 0°C , has the advantage o f  a low er therm al c o n d u c t iv ity  and a 
therm al e x p a n s iv ity  matching th a t  o f  many re c ip ro c a t in g  engine 
(p a r t ic u la r ly  d ie s e l)  m a te ria ls . Extensive research is also  being 
undertaken in the development o f m ateria ls  toughened by the addition  
o f  dispersed z irc o n ia  p a r t ic le s , w h is k e r/fib e r re inforced ceramic- 
m a tr ix  com posites , m icrocrack toughening, and more re c e n t ly  the 
add ition  o f  d u c tile  p a r t ic le  dispersions (1 7 ,1 8 ). A number o f  the 
more s ig n ific a n t m a te ria ls , together with th e ir  primary toughening 
mechanism and maximum toughness, are summarized in Table I .
Despite the impact o f the po ten tia l widespread use o f ceramics 
and c e ra m ic -m a tr ix  com pos ites , i t  is  perhaps s u rp r is in g  th a t  
re la t iv e ly  few systematic studies o f a fundamental nature have been 
performed to re la te  m echan istica lly , and u ltim a te ly  model, the ro le  
o f  the composite m icrostructure in c o n tro llin g  s u b c ritic a l crack 
growth re s is ta n c e  in  these m a te r ia ls . Th is may be p a r t ic u la r ly  
im p o rtan t where crack p ropagation  occurs under c y c l ic  lo a d in g  
conditions. As most o f  the more s ig n ific a n t app lica tions o f ceramics, 
p a r t ic u la r ly  fo r components in gas turb ine and reciprocating  heat 
engine ap p lica tion s , e n ta il substantial c y c lic  loading and thermal
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Table I .  Typical Ceramic and Reinforced Ceramlc-Matrix Composite 
M a te r ia ls  In d ic a t in g  P resent Toughness and Toughening 
Mechanisms (from (1 8 )) .
M aterial Toughening Mechanism Maximum Toughness 
(MPa/n)
LAS/SIC Fiber Reinforced >20
Glass/C >20
S1C/S1C >20
Al203/S1C(20$) Whisker Reinforced 10
Si3N4/SiC(20$) 14
AI2O3 /A I (20$) D uctile  Dispersion >12
BaC/Al(20$) >14
WC/Co(20*) 20
PSZ Transformation Toughened 18
TZP 16
ZTA 10
ZTA Microcrack Toughened 7
S13N4/S1C 7
shock conditions, a deta iled  charac teriza tion  and more fundamental 
understanding o f  any fatigue processes must be considered es s e n tia l.
Accordingly, the p rin c ip a l thesis for fu tu re  study should be to 
id e n t ify  and charac terize  the s a lie n t micromechanisms o f  su b c ritica l 
crack propagation processes In ceramics and re inforced ceramtc-matrix 
composites. P a rtic u la r  emphasis should In i t i a l l y  be placed on crack 
growth under cy c lic  loading conditions at ambient temperature In  a 
s e le c t e d  ra ng e  o f  m a te r ia ls  e x h ib i t in g  d i s t i n c t  to u g h e n in g  
mechanisms. Subsequently, the study may be extended to Include both 
environm enta l and high tem peratu re  e f f e c t s .  S p e c i f ic a l ly ,  i t  is  
considered Important to re la te  the mechanisms o f su b c ritica l crack 
g ro w th  to  th e  p a r t i c u l a r  to u g h e n in g  mechanism and hence to  
c h a ra c te ris tic  features o f  the m icrostructure . In ad d itio n , h ith erto  
u n e x p lo re d  and p o t e n t i a l l y  u s e fu l no ve l f a t ig u e  I n h i b i t io n  
techniques, in v o lv in g , fo r example, contro lled  tension or compression 
overloads and notch geometry e f fe c ts , should also be assessed. The 
u l t in a t e  aim o f  th is  work should be to des crib e  and model in  
q u a n tita tiv e  fashion the mechanisms o f fa i lu r e  o f advanced ceramic 
m a te r ia ls  on th e  B ic r o s t r u c t u r a l  s c a le ,  and to  u t i l i z e  t h is  
u nders tand ing  to  p rovide a bas is  fo r  the r a t io n a l design o f  new
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com posite m ic ro s tru c tu re s  w ith  Improved f ra c tu re  and fa t ig u e  
p ro perties .
The d iscu ss io n  in  the fo llow ing s e c t io n s  w i l l  focus on a number 
o f  major classes o f ceramic and ceram lc-m atrlx composites. Each class 
o f  m ateria l was selected to e x h ib it  d is t in c t  toughening mechanisms, 
nam ely , tra n s fo rm a tio n  and m icrocrack toughening (e g . p a r t i a l l y  
s ta b iliz e d  z irc o n ia  (PSZ), zircon 1a toughened alumina (ZTA), and SIC 
re in fo rc e d  S ig N * ) , d e f le c t io n  and b rid g in g  (e g . p o ly c ry s ta n in e  
AlgOg, and overaged ( s t a b i l i z e d )  ZTA and PSZ), f ib e r /w h is k e r  
re in fo rc em e n t (e g . SiC w hisker re in fo rc e d  A I2 O3 and SiC w hisker 
re in forced S I3N4 ) ,  and d u c tile  p a rt ic le  dispersion toughening (eg, 
aluminum p a r t ic le  toughened alum ina). For each class o f  m a te r ia l, the 
processes of e x tr in s ic  toughening w il l  b r ie f ly  be described, followed 
by a d iscuss ion  on the p o ss ib le  mechanisms o f  c y c l ic  fa t ig u e  
degradation. F in a l ly ,  suggestions fo r fu ture work p ertinen t to each 
class o f  m ateria l are presented.
5 .3 .2 . Transformation and Microcrack Toughened M ateria ls
In troduction ; S ig n ific a n t toughening o f b r i t t l e  ceramic m ateria ls  can 
be Im p a rte d  by  s tre s s  induced tra n s fo rm a tio n s  which may in c lu d e  
m a rte n s it fc  tra n s fo rm a tio n s , as w e ll as tw in n in g  ( 1 ,1 9 ,2 0 ) .  
M a r te n s it ic  toughening, using a d ispersed  phase o f  p a r t i a l l y  
s ta b iliz e d  z irc o n ia  p a r t ic le s , has been most ex tensive ly investigated  
and is  given primary emphasis. In a d d itio n , toughening has also be 
achieved in  ceram ics prone to m ic ro cra ck in g  in  regions o f  lo c a l 
re s id u a l te n s io n , caused by therm al expansion mismatch or by 
tra n s fo rm a tio n  ( 2 ,2 1 ) .  Zone s h ie ld in g  o b ta in s  both from the 
subsequent d i la t a t io n  governed by the volume d is p lac ed  by the 
microcrack, and by the reduction o f  the e la s tic  modulus w ith in  the 
process zone. M a te r ia ls  which e x h ib it  p o te n t tra n s fo rm a tio n  and 
m icrocrack toughening mechanisms In c lu d e , z irc o n ia  and alum ina  
ceramics containing p a r t ia l ly  s ta b ilize d  z irc o n ia  p a rtic le s  as a 
dispersed phase. SIC re inforced SIsNa ceramic composites e x h ib it  
microcrack toughening in  addition  to bridging e f fe c ts .
Mechanises: In the most general sense, the m a jo rity  o f mechanisms 
th at provide e x tr in s ic  toughening in ceramics have the common feature  
th a t  m a te r ia l elem ents in  the re g ion  o f  the the crack surfaces  
e x h ib i t  n o n -lin e a r  behavio r w ith  an as so c ia te d  h y s te re s is . The 
appreciable non-linear behavior o f m ateria l elements in the process 
zone o f  a transform ation toughened m a te r ia l, compared to th a t o f a 
conventional m onolith ic ceramic, is  schem atically il lu s tra te d  in 
Figure 5 .2 . The re su ltin g  transformation toughening component can 
then be e x p l ic i t ly  re la ted  to the extent o f  the hysteresis using 
energy balance considerations ( 20) .
A d ire c t consequence o f  such toughening in  ZTA and PSZ ceramics 
which involves a stiong e x tr in s ic  sh ield ing  component is  crack-size  
dependent behavior. R-curve toughness behavior, small c rack e f fe c t s ,
e t c . , are there fo re  to be an tic ip a te d . In ad d itio n , the In e la s tic  
behavior o f  m ateria l ahead o f the crack t ip  associated with extensive 
“transform ation p la s t ic i ty " , compared to the very lim ite d  micro­
p la s t ic i ty  apparent in monolithic ceramics (Figure 5 .2 ) ,  suggests the 
strong p o s s ib ility  o f fa tigue e f fe c ts . Work reported In  the present 
study (C h a p te r 4 )  fo r  a MgO-PSZ has re ve a le d  e x te n s iv e  fa t ig u e  
behavior with properties s im ila r to  th a t observed in  metals. Although 
the precise mechanisms o f  cy c lic  crack propagation are presently  
unclear, the presence o f transformation and microcrack phenomena, 
with associated n on -linear behavior, allows speculation on a number 
o f  possible e ffe c ts  th a t may give r is e  to th is  behavior.
T e n ta t iv e  mechanisms o f  fa t ig u e  crack propagation  may be 
c o n v e n ie n tly  c a te g o rize d  in to  two d is t in c t  c la s s e s : those th a t  
degrade the in tr in s ic  toughness, and those th a t reduce the component 
o f e x tr in s ic  toughening. Possible mechanisms have been Id e n tif ie d  and 
are summarized In Figure 5 .3 .
W ith regard  to  d egradation  o f  the in t r in s ic  toughness, the 
e f f e c t  o f  c y c l ic  lo a d in g  may g ive r is e  to  ex te n s iv e  accumulated  
damage in the m ateria l ahead o f  the crack t ip .  This may take the form 
o f lo c a lized  m ic ro p la s tic ity , or m icrocracking, p a r t ic u la r ly  in grain  
boundary and p a rt ic le /m a tr ix  in te rfac e  regions, and be associated  
with such factors as add itiona l frac tu re  phenomena on the unloading 
p o r t io n  o f  the c y c le  and th e  d e g re e  o f  r e v e r s i b i l i t y  o f  th e  
transform ation re ac tio n . Additional frac tu re  phenomena may include 
the operation o f  Mode I I  and I I I  crack propagation on unloading due 
to changes in the local stress sta te  induced by Mode I  opening on the  
loading cy cle . In  ad d it io n , crack propagation during loading may 
permit re laxation  o f  residual stresses in grains to an unstressed 
c o n f ig u ra t io n . Subsequent un loading  then re s u lts  In  a d d it io n a l 
te n s ile  and shear stresses which a r ise  from the in a b i l i t y  o f the 
relaxed grains to  be accommodated in th e ir  o rig in a l positions ( 22 ) .  
These e ffe c ts  are l ik e ly  to be a strong function o f  residual stress 
s ta te s  a r is in g  from therm al expansion a n is o tro p y  ( 22 ) ,  e la s t ic  
anisotropies o f the grains which may give ris e  to singular stress  
f ie ld s  (2 3 ) ,  and the nature o f  cy c lic  accommodation o f  transformation  
stra in s  when these are present in the m a te r ia l. As the magnitude o f  
the residual stress increases with grain s iz e , a pronounced grain  
size dependence o f  the fa tig u e  crack propagation may be an tic ip a ted .
Reduction o f the e x tr in s ic  toughness due to c y c lic  loading may 
re s u lt  from changes in the process zone morphology or some form o f  
c y c l ic  accommodation o f  the tra n s fo rm a tio n  s t r a in  (p o s s ib ly  
associated with the type o f m artensitic  twin varian ts  th at form in  
transformable p a rtic le s  on repeated lo a d in g ). As already discussed, 
the high stress f ie ld s  induced ahead o f the process zone on unloading 
may r e s u lt  in  an Increased f ro n ta l process zone and concom itant 
decrease in  s h ie ld in g . In a d d it io n , a somewhat more c o n je c tu ra l 
explanation might Involve some form o f  c y c l ic a lly  Induced s tra in  
preconditioning o f the process zone th a t changes the transformation  
c r ite r io n  from being shear dominated to the markedly sm aller zone
associated with a hydrostatic c r ite r io n . C le a r ly , however, d e ta iled  
s tu d ie s  o f  c y c l ic a l ly  ind uce d  t r a n s fo rm a t io n  k in e t i c s  and zone 
morphology are required to  provide a basis fo r a deeper understanding 
o f the mlcromechanlsms o f fa tigue crack propagation in zone shielded  
ceramics.
Future Work: In l ig h t  o f  the above considerations with regard to the 
possible e ffe c ts  and Im plications o f  transform ation and mfcrocrack 
toughening mechanisms on su b c rltica l cy c lic  crack extension, fu ture  
work s h o u ld  be d i r e c t e d  to w ard s i n i t i a l l y  a s s e s s in g  th e  
s u s c e p tib ility  to fatigue crack propagation o f  a number o f  m aterials 
in which the above sh ie ld ing  mechanisms are dominant. In p a rt ic u la r ,  
atten tio n  should be placed on Id e n tify in g  any degradation mechanisms 
th at may be operating to  decrease e ith e r  the In tr in s ic  toughness (in
m ateria l ahead o f  the crack t ip ) ,  or the e x tr in s ic  toughness ( in  the
wake o f the c rack).
A novel ingredient fo r  fu ture studies should be the a b i l i t y  to 
io n ito r  q u a n tita t iv e ly  the contribution  from crack t ip  sh ield ing  in 
s itu  during te s t procedures, using back-face stra in  compliance (S f  
and c a u s tic s  measurements ( 2 4 ) .  The form er technique perm its  
estimates o f  the reduction in  local "crack d riv in g  force" p r in c ip a lly  
from crack wedging and bridging during fa tig u e  crack propagation. 
Estimates o f the reduced d riv in g  force may then be v e r if ie d  through 
the use o f  lo c a l measurements o f  the stress in te n s ity  a t  the crack
t ip  using the method o f caustics (2 4 ) .  In a d d itio n , sh ie ld ing  by
d efle c tio n  may be estimated from the crack path morphology, using the 
stress in te n s ity  solutions fo r deflected  cracks (2 5 ).  In formation on 
the local va ria tio ns in crack t ip  stress In te n s ity  may a d d itio n a lly  
be obtained through experiments on long fatigue cracks in compact 
C(T) samples, where the -rac k wake is  progressively removed by m ic ro -  
machining, w hile simultaneously monitoring the degree o f  sh ie ld ing . 
This technique has been successfully used elsewhere to in ves tiga te  
the e f fe c t  o f a bridging zone on crack propagation in  a AI2O3 ceramic 
(26 ).
Id e n tify in g  and quantifying  the e ffe c t  o f  mechanics? variab les  
c o n tro llin g  any fatigue crack propagation behavior apparent in these 
m ateria ls  should also be considered. These may include the e f fe c t  o f 
the mean stress (load r a t io ) ,  the frequency and the waveform. In  
ad d itio n , the existence o f  any small crack e ffe c ts  from experiments 
on crack in it ia t io n  and the e a rly  growth o f small (500 to 2000 nm) 
natu ra lly -o cc u rrin g  flaws in  unnotched samples, s tron ' ,• suggested by 
the presence o f marked R-curve behavior o f these m avsrials, should 
also be assessed. An important ad d itiona l aspecL o f  th is  work should 
be to in v es tiga te  the possible existence o f novel fa tigue resistance  
enhancement techniques, in  which fatigue crack propagation may be 
In h ib ited , These may include the e ffe c ts  o f overloads (both tension  
and compression) in  which the residual s tresses, or the e f fe c t  o f 
a d d it io n a l crack advance induced by the o v e rlo a d , may p rovide  
increased e x tr in s ic  sh ield ing  and hence an in h ib it io n  o f fatigue  
crack grow th . The s ig n if ic a n c e  o f  notch geometry may a lso  be
evaluated with regard to defin ing  i ts  ro le  on the in it ia t io n  and 
subsequent growth o f fa tigue cracks.
A dditional considerations for fu ture work should include an
in v e s tig a tio n  o f  environm ental e f fe c ts  on the fa t ig u e  crack
p ropagation  behavio r o f  these m a te r ia ls . Sample te s ts  should 
there fo re  be conducted in in e rt  and aggressive environments (fo r  
exam ple, d ry  gaseous argon versus d is t i l l e d  w a te r)  in  order to  
quantify  the environmental contribution  to crack extension. F in a lly ,  
I t  Is  considered important in  lig h t  o f  the envisaged '<<gh temperature 
requ irem ents fo r  the p resen t m a te r ia ls , to stud;' the e f fe c ts  o f  
elevated temperature on su b c ritica l crack growth, once again with  
p a r t i c u l a r  em phasis on f a t ig u e  lo a d in g  c o n d it io n s .  A t h igh  
tem p e ra tu res , creep  ru p tu re  s tu d fes  In d ic a te  th a t  c ra c k s  e i t h e r  
propagate to c r i t ic a l  size fo r fra c tu re , or they b lun t, which is 
accompanied by shear band formation and growth (2 7 ). Eventual fa ilu re  
then occurs by-damage accumulation w ith in  these shear bands. Shear- 
band formation and growth, and the associated damage accumulation, 
th e re fo re  emerge as s ig n i f i c a n t  mechanisms creep ru p tu re .  
Accordingly, higher temperatures are expected to  produce s ig n ific a n t  
e ffe c ts  on the fatigue crack propagation behavior. These may Includp 
the in troduction  o f  n o n -lin e a r ity  in the s tre s s -s tra in  response o f  
the m ateria l elements in the high stress f ie ld s  ahead o f the crack 
t ip ,  and ad d itiona l damage mechanisms th at re la te  to the extension o f
p re -e x is tin g  flaws and those th a t involve flaw  generation due to
5 .3 .3 .  D eflection  ' ’d Bridging M ateria ls
In troduction : Mechanisms o f de fle c tio n  and bridging are expected to  
operate in  most ceramic and ceram ic-m atrix m a te ria ls . With regard tc  
fu ture stud ies, however, i t  Is considered important to se le c t some 
m a te r ia ls  in  which th-sse mechanisms are the p r in c ip a l source o f  
e x tr in s ic  toughening. In p a r t ic u la r , i t  should be possible to is o la te  
and q i a n t i f y  th e  c o n t r i b u t i o n  o f  th e s e  m ech an ism s in  a 
p o lyc ry s ta llin e  alumina ceramic, and a s ta b iliz e d  z ircon la  toughened 
alum ina (ZTA) and averaged p a r t i a l l y  s t a b i l iz e d  z irc o n la  (PSZ) 
ceramic in which the transformation toughening mechanisms have been 
In h ib ite d .
Mechanisms: In b r i t t le  ceramic m a te ria ls , cracks may be deflected  
e ith e r  by localized" residual stress f ie ld s , or by frac tu re  re s is ta n t  
second phase p a rt ic le s  or p rec ip ita te s  where d efle c tio n  ang?es are 
functions o f  the volume frac tion  and morphology o f the p a rtic le s  
(2 8 ). D eflection  causes both t i l t in g  and tw is tin g  o f  the crack f ro n t. 
The re su ltin g  reduction o f the crack t ip  d riv in g  force is  a function  
o f the t i l t  and tw is t  angles alone. Where d efle c tio n  Is  dominated by 
p a rtic le s  Incorporated in  the m a trix , fo r example, p rec ip ita te s  in  
PSZ and ZTA m a te r ia ls  o r ZnO-ZrOz a l lo y s ,  the maximum p re d ic t  '■ 
increase in  toughness Is  from 50 to  70% under monotonic loading (2 9 ).  
However, the s iz e , ra ther than simply the angle, o f the deflected  
crack segment may have an e ffe c t  on time dependent crack advance, as
I t  d ic ta te s  the e x te n t o f  crack ex tension  which experiences the 
reduced d r iv in g  fo rc e . A c c o rd in g ly , s h ie ld in g  through crack  
defle c tio n  can be more s ig n ific a n t in a ffe c tin g  su b c ritica l crack 
grow th  r a t e s ,  such as th os e  by f a t ig u e  o r s u s ta in e d  load  
environm entally-assisted crack growth.
The extent o f sh ield ing  which derives from a bridging zone of 
ligaments In  the wake o f an advancing crack 1s less well understood. 
Bridgfng may derrve from uncracked ligaments and crack  b ridges, or 
f r ic t io n a l and geometrical in terloc kin g  o f m ic ro s tru c tu ra lly  rough 
frac tu re  surfaces. In both cases s ig n ific a n t toughening may derive 
and has been observed to produce R-curve behavior In alumina and 
othe r non-phase tran s fo rm ing  ceram ics (2 6 ,3 0 -3 2 ) .  In g e n e ra l, 
however, the amount o f  sh ie ld ing  is  expected to be less  than th a t  
asso c ia te d  w ith  p a r t ic le  or f ib e r /w h is k e r  b r id g in g  o f  the crack  
flanks in  composite mlcrostructures under monotonic loading. The 
e f fe c t  o f  cy c lic  loading on crack advance which is  impeded p rim a rily  
by bridging mechanisms is  less apparent. Indeed, i t  is  not well 
e s ta b lis h e d  whether tru e  fa t ig u e  crack growth b eh a vio r under 
tension-tension loading conditions even ex is ts  in these m ateria ls  
which do not d isp lay a n on -linear stress stra in  response ahead o f  the 
cra c k  t i p .  H ow ever, w hereas c ra c k  d e f le c t io n  may o n ly  have 
Im p lic a tio n s  w ith  regard to  decreasing  crack growth ra te s  In  
m ateria ls  already prone to  fa tigue crack oropagation, i t  seems lik e ly  
th at any accumulative damage o f the bridging zone by c y c lic  loading  
may lead to a reduction o f  the e x tr in s ic  sh ie ld ing  and hence the 
p o s s ib i l i t y  o f  fu r th e r  crack advance. Such degradation  o f  the  
bridging zone may take the form o f  progressive in te rfa c e -lo c a lize d  
m ic ro c ra c k in g , in c lu d in g  both f r i c t 1on-inducod m ic ro cra ck in g  o f  
In terloc kin g  rough a s p e ritie s  and lo c alized  microcrack rupture o f 
the in ta c t  crack wake ligaments.
Futu re  Work; F o r th e  p res en t d e f le c t io n  and b rid g in g  toughened 
m a te ria ls , fu ture investiga tions should fo llow  the techniques and 
approaches o u tl in e d  fo r  the tra n s fo rm a tio n  and m icrocrack ing  
m a te r ia ls . P re lim in a ry  s tu d ie s  should th e re fo re  1) i n i t i a l l y  
charac terize  the fatigue crack propagation behavior, s p e c ific a lly  
with the o b jec tive  o f  fd e n t i fy in g  the ro le  o f  the  s a lie n t in tr in s ic  
and e x tr in s ic  toughening mechanisms, and 11) develop q u an tita tive  
micro-mechanical models to account fo r such su b c ritica l crack growth 
behavior. Subsequent work should concentrate on 1) defin ing  the ro le  
o f mechanical variab les such as load r a t io , frequency, and waveform 
in c o n tro llin g  crack growth ra te s , < i) in v es tiga ting  any apparent 
small crack b e h a v io r , and 111) assessing  the p o te n tia l o f  novel 
fa t ig u e  in h ib it io n  te c hn iqu e s . F in a l s tu d ie s  should ex p lo re  
environmental and high '.jmperature ( 'v l0 0 0 oC) e ffe c ts  on su b c ritica l 
crack propagation behavior.
5 .3 .4 .  Whisker Reinforced C eraw ic-H atrix M ateria ls
In troduction : Much work on ceram ic-m atrix composites to  date has
been d ire c te d  towards d isco n tin uo u s  (s h o r t  f ib e r / p a r t ic u l a t e )
com posites , such as s i l ic o n  ca rb id e  w h isker re in fo rc e d  alum ina, 
m u llite  and s ilic o n  n it r id e  m atrices, as these m ateria ls show very 
a t t ra c t iv e  p roperties ( e .g . ,  enhanced strength and toughness, wear 
re s is ta n c e  end creep p ro p e r t ie s ) ,  p a r t ic u la r ly  a t  high temperatures.
Mechanisms: Toughening mechanisms in  c e ra m ic -m a tr ix  composite
m ateria ls  are expected to re s u lt In a substan tia l e x tr in s ic  sh ielding  
component, w ith  associated R-curve behavior. Such mechanisms are 
l ik e ly  to include crack stopping and delamination/debonding a t  fib e r  
in te . faces, f r ic t io n a l work fo llow ing debonding, crack bridging, 
f ib e r  p u ll-o u t  e f f e c t s ,  and crack d e f le c t io n .  I t  w i l l  thus be 
e s s e n t ia l  in  f u t u r e  s tu d ie s  to  i d e n t i f y  th e  re le v a n c e  and 
Im plications o f these processes to f u l ly  understand the s u b c ritica l 
c ra c k  grow th  b e h a v io r  o f  th e s e  m a t e r ia ls .  O f p a r t i c u la r  
significance w il l  be id e n tify in g  the ro le  o f the f ib e r  and in te rfac e  
strengths, as th is  w il l  govern the r e la t iv e  Importance o f  the crack 
b r id g in g  (weak in te r fa c e  s tre n g th ) and p u l l - o u t  (weak f ib e r  
strengths) toughening mechanisms. As the f ib e r  and m atrix ty p ic a lly  
have comparable toughness, in  the absence o f debonding the composite 
is  b r i t t le  and toughness behavior s a tis f ie s  the ru le  o f  mixtures. 
Conversely, debonding reduces the amplitude o f the s in g u la r ity  a t  the 
f i b e r  an d , when s u f f i c i e n t l y  e x t e n s iv e ,  a l lo w s  th e  c ra c k  to  
circumvent the f ib e r ,  leaving the f ib e r  in ta c t in the crack wake 
(1 8 ).  The bridging rotie o f  in ta c t  fib ers  in the crack wake In h ib its  
crack opening, thus sh ield ing  the crack from the appllec d riv ing  
fo rce . The marked Importance o f  In te r fa c ia l strength is  d iirw fore  
appa re n t.
The e f fe c t  o f c y c lic  loading conditions on these m ateria ls has 
received v i r tu a l ly  no a tte n tio n , and hence, p a r t ic u la r ly  fo r tension- 
tension loading, a ffe c ts  may only be surmised. However, s im ila r to 
crack bridging e ffe c ts  discussed previously, fa t i^ ie  loading may be 
expected  to produce a p ro g res s ive  d e g ra d a t io n  <n the s h ie ld in g  
capacity o f the bridging zone through weakening o f the whisker-m atrix 
I n t e r f a c ia l  s t re n g th . In  a d d it io n , decreases in  the in t r in s ic  
toughness o f the composite caused by damage accumulation ahead o f the 
crack t ip  may also be expected. Here the source o f the microcrack 
i n i t i a t i o n  s i t e s ,  however, remains u n c e r ta in ;  g ra in  b o undaries, 
clusters  o f  S1C whiskers. Ind iv idual whiskers, and in te r fa c ia l oxide 
la y e rs , may a l l  be im plicated.
Future Work: The study o f whisker re inforced m a teria ls  should follow  
a s im ila r basic scheme to th at previously d e ta iled  in  the preceding 
sections. S p e c if ic a l ly , fu tu re  work should attem pt to i n i t i a l l y  
r e la t e  any fa t ig u e  crack p ropagation  b eh a vio r in  ce ra m ic -m a tr ix  
composites to contro lled  volume frac tions o f whisker reinforcement. 
In  a d d it io n , using  se le c ted  heat t re a tm e n ts , the w h is k e r/m a tr ix  
In te r fa c ia l strength should be a lte red  to assess the in fluence of 
v a ry in g  d e g re es  o f  e f f e c t i v e  w h is k e r re in fo rc e m e n t  on such  
s u b c r it ic a l crock growth b e h a v io r. In  o rd er to  is o la te d  s a lie n t  
micromechanlsms o f s u b c ritic a l crack propagation in these m a te ria ls , 
the m icrostructura l o r ig in s  o f  accumulated microcracking damage and
f ib e r  debonding s h o u ld  be in v e s tig a te d , as a fu nc tio n  o f  such 
variab les as grain s iz e , f ib e r /m a tr ix  in te r fa c ia l strength (using  
repeated loading nano-hardness Indentation techniques), and f ib e r  
shape, s ize and volume fra c tio n .
5 .3 .5 .  D uctile  Phase Toughened M ateria ls
In tro d uc tio n : I t  has re ce n tly  been recognized thax. the toughness o f  
b r i t t l e  ceramic m a teria ls  may be increased by the in troduction o f a 
dispersed d u c tile  phase, to produce m ateria ls o f high toughness, 
coupled with o ther desirab le  properties (1 8 ,3 3 ). Although UC/Co is  
perhaps the most recognized example, the present discussion w il l  
concentrate! on the more recent AI2O3 /A I ceram ic-m atrix composite.
Mechanises: The use o f  a dispersed d u c tile  phase Is  a p a rt ic u la r ly  
potent toughening mechanism, provided the crack path can be made to 
in te rs ec t th at phase. In  o ther m ateria l systems, procedures such as 
making the phase continuous ( e .g . ,  in cobalt re inforced tungsten 
carb ide) or w ith  a low modulus ( e .g . ,  In  rubber-toughened polymers) 
have been p a r t ic u la r ly  successful to achieve th is  end. Two sources of 
toughening are  governed by the p la s t ic i t y  o f  the d u c t i le  phase 
( 1 8 ,3 3 ) .  P a r t ic le s  in te rc e p te d  by the c ra c k , when bonded to  the  
m a trix , may e x h ib it  extensive p la s tic  stre tch ing  in the crack wake 
and c o n tr ib u te  to  the toughness by in h ib i t in g  crack opening . 
Simultaneously, p la s tic  s tra in in g  o f  the p a rtic le s  In the process 
zone causes zone sh ie ld ing  o f  the crack t ip .  Possible mechanisms of 
s u b c r i t ic a l  fa t ig u e  crack p ropagation  fn these m a te r ia ls  are  
n e c e s s a r ily  a t  p res en t o f  a h ig h ly  c o n je c tu ra l n a tu re ;  however, 
s im ila r  mechanisms as those expected in whisker re in forced composites 
and m a te r ia ls  e x h ib it in g  c ra c k  b r id g in g  may be a n t ic ip a te d . In  
a d d itio n , the e f fe c t  o f  work hardening/softening and c las s ic a l metal 
fa tig u e  o f the d u c tile  ligaments in the bridging zone may contribute  
to in te re s tin g  crack growth behavior.
Future Work: A number o f substantial issues remain to be addressed
with regard to the crack propagation behavior under both monotonic 
and cy c lic  loading In  d u c tile  phase toughened composites. This fs 
p rim a rily  due to  the very recent in troduction o f  th is  m ateria l and 
hence lim ited  commercial in te re s t , p a r t ic u la r ly  o f the A1-toughened 
AI2O3 . Depending on the re su lts  o f  p re lim inary  s tu d ie s , in  which 
computations o f  toughening and po ten tia l commercial In te re s t are 
e s ta b lis h e d , d e ta i le d  s tu d ie s  o f  the e f fe c ts  o f  c y c l ic  fa t ig u e  
degradation wil? be required.
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Figure 5.1 Resistance curve behavior i l lu s t r a t in g  the increase in  
f r a c t u r e  r e s is ta n c e  w ith  c ra c k  advance t y p i c a l l y  
encountered in toughened ceramics.
IFigure S.
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extensive "transformation
Schematic • f llu s tra tfo n  o f  non-M near behavfor o f  m ateria l 
In  the process zone o f transform ation toughened ceramics 
compared to  th at o f  conventional monolith ic ceramics.
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MECHANISMS OF FATIGUE
Extrinsic Toughness intrinsic Toughness
degree o f  r e v e r s a b l l i t y  o f  
tra n s fo rm a t io n
■ c y c l ic  a c c o m o d a tio n  o f  
tra n s fo rm a t io n  s t r a in
■ m o d if ic a t io n  o f  zone 
m orphology
» accum ulated lo c a l iz e d  
m lc r o p la s t ic i ty /m lc r o c r a c k in g
• r e la x a t io n  o f  re s id u a l s tre sse s  
( re la x e d  g r a in  m ism atch on 
u n lo a d in g )
• o p e ra tio n  o f  Mode I I  and I I I  
c ra ck  p ro p a g a tio n  on un loa d in g  
due to  changes o f  lo c a l s tre s s  
s ta te .
Sum m ary o f  p o s s ib le  m e ch an ism s o f  f a t i g u e  In  
t r a n s fo r m a t io n  toughened c e ra m ic s , In d ic a t in g  
d is tin c tio n s  between those th at influence the In tr in s ic  
and e x tr in s ic  toughness.
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